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GLASGOW
u n iv e r s it y  
l ib r a r y
Sum m ary
The B800-820 light harvesting antenna complex, an integral membrane 
protein, from Rhodopseudomonas acidophila strain 7750 has been charac­
terised. The antenna complex is comprised of four low molecular weight 
pigment binding apoproteins, namely the B800-820ai, B800-820ar2, B800- 
820/?! and B800-820/32. The apparent molecular weights of bands corre­
sponding to these apoproteins have been determined using tricine SDS poly­
acrylamide gel electrophoresis as 2550 dal tons, 3350 daltons, 6300 daltons 
and 6600 daltons. Differences in the true molecular weight (Mr) deduced 
from the amino acid sequence and these apparent molecular weights, make 
it impossible to determine which is the a i ,  f}\ or /?2 aprotein. Electrospray 
mass spectrometry indicates that the unsequenced a 2 may be the heaviest 
of these four apoproteins. The stoichiometric ratio of bacteriochlorophyll 
a: carotenoid has been determined as 2:1, which confirms work by Evans 
in 1989. Polyacrylamide gel electrophoresis shows that the complex exists 
as an oligomeric assembly with an apparent molecular weight of 92,000 dal­
tons.
The integrity of the antenna complex has been maintained after ex­
change of lauryl dimethyl TV-amine oxide for any of the following deter­
gents: heptyl glucoside, octyl-glucoside, nonyl glucoside, lauryl maltoside, 
heptyl thioglucoside, TV-dodecyl-TV, TV-dimethyl-3-ammonio-l-propane sul­
fonate, CHAPS, CHAPSO and MEGA8. This integrity was demonstrated 
by examination of the near infrared spectra and circular dichroism studies. 
Ultraviolet circular dichroism demonstrated the presence of a-helix which 
is thought to span the lipid bilayer. Infrared circular dichroism showed 
that the absorption of both carotenoid and bacteriochlorophyll pigments in
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the antenna complex are influenced by their surrounding environment, with 
possible excitonic coupling between bacteriochlorophyll molecules.
Microcrystals of the antenna complex could be grown in a variety of 
different detergents in the presence of a small amphiphilic molecule. Crys­
tals of the antenna complex could be grown using /?-octyl glucoside and 
A-dodecyl-A, A-dimethyl-3-ammonio- 1-propane sulfonate, in the presence 
of the small amphiphile benzamidine hydrochloride. These diffracted X-rays 
to a resolution of 10A and 15A respectively.
Crystallisation using octyl glucoside was then optimised with respect 
to different physical parameters. This led to an increase in the crystal size, 
with a decrease in crystallisation time, and also an improvement in the res­
olution of X-ray diffraction (by approximately 5A). X-ray diffraction data 
were collected on two forms(# 1  and # 2 )  of tabular plate crystal, which 
both indexed as hexagonal cells with space group Rh2. The cell dimensions 
of crystal form # 1  were a=6=120.0lA , c=293.9lA  and those of crystal form 
# 2  were a=6=121.8lA , c=283.1lA .
The crystal density in both forms was determined to be 1.17g/cm3. As­
suming a molecular weight of 83.5 kDa in the asymmetric unit, this indicates 
a Vm of 2.47A3/dalton for crystal form # 1  and 2.42A3/dalton for crystal 
form # 2 . This gives a solvent composition of 49.2% and 50.8% for crystal 
form # 1  and # 2 . Using the percentage solvent, the density was back calcu­
lated as 1.17g/cm3. This indicates that the B800-820 antenna complex has 
an asymmetric unit consisting of a trimer of tetramers. This is consistent 
with the experimentally derived stoichiometric ratio of bacteriochlorophyll 
a: carotenoid (2:1).
Analysis of the Rotation function indicates the presence of a local two 
fold symmetry axis parallel to the z  axis. It is possible there is also a local
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three fold axis parallel, or at a few degrees to the z  axis. The z=Q section 
of the Patterson map shows regular ordering of distinct sets of peaks, with 
interatomic vector lengths consistent with the distances between a  helices 
arranged as a trimer of tetramers. On the basis of the biochemical and X- 
ray data, a model of the asymmetric unit was proposed which consisted of a 
trimer of molecular assemblies, with each assembly consisting of ctia2(3i(32 
proteins, six bacteriochlorophyll and three carotenoid molecules.
The close similarity in the unit cell and space group of these protein crystals 
and crystals of the B800-850 antenna complex suggests a similar asymmet­
ric unit in both cases.
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CHAPTER 1. Introduction
1
1.1. C lassification  o f th e  P u rp le  N on-S u lp h u r P h o to sy n th etic  B ac­
ter ia  Rhodopseudomonas acidophila
The order Rhodospirillales comprise those bacteria which carry out 
anoxygenic photosynthesis and contain bacteriochlorophyll (Pfennig and 
Triiper, 1971, 1974) (F igure 1.1.). Rhodospirillales has two sub-orders 
(Truper and Pfennig, 1978):
(1). Chlorobiineae -  green photosynthetic bacteria
(2). Rhodospirillineae -  purple photosynthetic bacteria
The sub-order Rhodospirillineae can be classified into three families of pur­
ple phototrophic bacteria (Imhoff et al., 1984):
(1). Ectothiorhodospiraceae -  sulphur
(2). Chromatiaceae -  sulphur
(3). Rhodospillaceae -  non-sulphur
So far twenty five species of Rhodospirillales have been divided into 
six genera. Most species of purple bacteria contain bacteriochlorophyll 
a (Rhodopseudomonas viridis, Ectothiorhodospira halochloris, Ectothiorho- 
dospira abdelmalekii and Thiocapsa pfenningii, are exceptions which con­
tain bacteriochlorophyll 6, (Imhoff, 1988)). Carotenoid pigments are also 
associated with the intracytoplasmic membrane which is continous with 
the cytoplasmic membrane. Most of these purple bacterial photosynthetic 
membranes appear to arise by invagination (Clayton 1978).! The types 
of intracytoplasmic membrane systems range from vesicular (Rhodobacter 
sphaeroides, RJiodobacter capsulatus and Chromatium vinosum), to tubular
( Thiocapsa pfennigii) and lamellar (Rhodopseudomonas viridis, Rhodopseu-
\
domonas palustris and Rhodopseudomonas acidophila) (F igure 1.2.)
The genus Rhodopseudomonas, with spherical, ovoid or rod shaped cells, 
was first isolated by Pfennig in 1969 and named due to its preference
2
for an acidic medium of pH 5.2.
ORDER
FAMILY
GENUS
Chlorobiineae
ChromatiaccacRhodospillaceae
Rhodospirillineae
Ectothiorhodospiraceae
RHODOSPIRILLALES
Rhodobacter 
| Rhodocyclus 
[- Rhodomicrobium 
' Rhodophila 
Rhodospirilium 
— Rhodopseudomonas
Figure 1.1. Classification of P hoto troph ic B acteria (only genera of the 
family Rhodospillaceae are shown).
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p u r p l e  b a c t e r i a  ( i n t r a c y t o p l a s m i c  m e m b r a n e s )
R h O d O S p i r i l l u m  s p
Rhodopseudomonas so
r r u o c o p s a  p f e n m g u
O -
" c h f o m o to p h o 'ts ' ' 
*MiCulO» i C M
fO#
E c tO t f l 'O r h O d O S P 'fO  Sp
Figure 1.2. Cell Shapes and Different Forms of the Intracytoplasm ic Mem­
branes of Purple Bacteria (Sprague and Varta, 1986).
1.2. E n viron m en ta l A d a p ta tio n  o f  P u rp le  P h o to sy n th e tic  B a cte ­
ria
In the anaerobic depths of ponds and lakes, organic m aterial is fermented 
by microbes which release carbon dioxide and ferm entative end products 
e.g. hydrogen, propionate, lactate  and butyrate . Purple non-sulphur bacte­
ria, such as Rhodopseudomonas acidophila, are facultative anaerobes which 
can switch from deriving energy via aerobic respiration to utilising carbon 
dioxide and these ferm entative end products to perform anaerobic photo­
synthesis. This situation arises in a typical aquatic environment shown in 
F ig u re  1.3. The upper s tra ta  of a such an environment are occupied by
4
cyanobacteria, algae and higher plants which absorb in the visible region 
of light. In response to the remaining near infrared wavelengths of light, 
which filter to levels with reduced oxygen tension, purple non-sulphur bac­
teria have evolved light-harvesting pigment protein complexes to perform 
anaerobic photosynthesis.
Figure 1.3. A Schematic Diagram of a Typical Aquatic Environment Con­
taining Purple Photosynthetic Bacteria (Clayton 1978).
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B a c t e r i a .  Z o o p l a n k t o n ,  A n i m a l s
S E C O N D A R Y  P R O D U C TIO N  |
A
c e l l u l a r  m a t e r i a l
C H E  M O C  L iN E R edox d isco n tin u ity  • l ayer
I A N O X Y G E N I C  P H O T O S Y N T H E S I S
G r e e n  a n d  p u r p l e  s u l f u r  b a c t e r i a  
[SE C O N D A R Y  P R I M A R Y  PR O D UCTIO N  ) £
a  O
SU LFATE  
RE DU C T ION
W  A N A E R O B IC D E C O M P O S I T I O N
m u d
5
1.3. B acteria l P h o to sy n th es is—A n O verview
1.3. (i) In trod u ction
Photosynthesis is a complex series of biochemical reactions in which inci­
dent solar radiation is captured and converted into chemical energy, which 
is used to maintain essential cellular processes. These reactions were de­
scribed by van Niel using the general equation:
2H 2A+ C 0 2 — » 2A t  H 2O t  (C H 20 )  (van Niel, 1941)
The processes represented by this equation can be divided into those 
reactions which require light to generate ”high energy” compounds, and 
other reactions which subsequently use these compounds to drive light- 
independent reactions. The light-dependent reactions take place in and on 
the highly pigmented intracytoplasmic membranes of purple bacteria (F ig­
ure 1 .4.). The light reactions of photosynthetic bacteria comprise several 
steps:
(1 ). Light harvesting
(2 ). Energy trapping
(3 ) . Electron transfer and the generation of a membrane potential
(4 ). The formation of chemical bond energy (ATP) and reducing power 
(NADP)
The structure and function of antenna complexes will be described in 
detail after a brief discussion of other processes important in bacterial pho­
tosynthesis.
6
Figure 1.4. Cartoon of the Intracytoplasm ic M embrane. Reaction centres 
(blue) form core complexes with LH1 antenna proteins (red). These in turn  
are surrounded and interconnected by LH2 complexes (green) (Jones and 
Hunter, 1992).
1.3. (ii) T h e  F irst M olecu lar S tep s o f P h o to sy n th es is
The existence of the photosynthetic reaction centre was first postulated 
by Emerson and Arnold (1932), with isolation from photosynthetic m em ­
branes reported by Reed and Clayton in 1968. Reaction centres contain 
three transm em brane proteins labelled heavy (H), m edium (M) and light 
(L), (these labels were chosen according to the apparent molecular weights 
of the subunits determ ined by gel electrophoresis) (Clayton Sz Haselkorn, 
1972). In Rhodopseudomonas viridis these contain 258, 323 and 273 amino
7
acid residues respectively, compared with 260, 307 and 281 residues in 
Rhodobacter sphaeroides (Williams et al., 1983, Michel and Deisenhofer, 
1986). In addition to transmembrane proteins, Rhodopseudomonas viridis 
also contains a tightly bound molecule of cytochrome c (336 amino acid 
residues) (Weyer et al., 1987). Reaction centres of purple bacteria con­
tain one carotenoid molecule, four bacteriochlorophylls, two bacteriopheo- 
phytins, one non-heme iron and two quinone molecules. Excitation energy 
from light-harvesting antenna complexes is funnelled to two exciton-coupled 
bacteriochlorophyll molecules known as the ”special-pair” (McElroy et al., 
1969, Norris et al., 1971, Norris et al., 1973 and Netzel et al., 1973). This 
excitation energy induces a transition of the ”special-pair” to its lowest 
excited singlet state, followed by donation of an electron to bacteriopheo- 
phytin, the primary acceptor (Fleming et al., 1988).
The bacteriochlorophyll molecule, which lies between the dimer and the 
bacteriopheophytin, facilitates electron transfer and acts as an electron 
acceptor (Shreve et al., 1992). A transient charge separation occurs be­
tween the bacteriochlorophyll dimer and the bacteriopheophytin (Parson 
and Holten, 1986). Within 200 picoseconds the electron is transferred fur­
ther across the membrane to a quinone molecule (Qa)- A cytochrome c 
molecule then donates an electron to the electron depleted dimer which sta­
bilises the charge separation, and the electron on Qa is transferred to the 
membrane quinone pool via a second reaction centre quinone Q #. Light 
therefore initiates a redox reaction which results in a charge separation and 
the formation of a reduced quinone.
The first three-dimensional structure of a photyosynthetic reaction cen­
tre, (from Rhodopseudomonas viridis), was determined at atomic resolu­
tion, using the technique of X-ray crystallography (Deisenhofer et al., 1984,
8
Deisenhofer et al., 1989). This was subsequently followed by the three 
dimensional structures of reaction centres from Rhodobacter sphaeroides 
Strain R-26 (Chang et al., 1986, Allen et al., 1987a, Allen et al., 1987b, 
Yeates et al., 1987, and Chang et al., 1991) and Rhodobacter sphaeroides 
2.4.1. (Allen et al., 1988 and Yeates et al., 1988). Crystals from wild type 
Rhodobacter sphaeroides Y have recently diffracted X- rays to atomic reso­
lution (Reiss-Husson et al., 1992).
The orientation of the reaction centre cofactors and proteins of 
Rhodopseudomonas viridis are illustrated in F igure 1.5 and F igu re 1.6. 
Each of the L and M subunits contain five membrane spanning polypeptide 
segments, folded into long helices. The L and M subunits can be superim­
posed by carrying out a rotation of ~180° around an axis running perpen­
dicular to the membrane surface. These transmembrane helices are labelled 
A -E with the central D and E helices from each protein crossing each other 
to form a core complex encasing the pigments. The H subunit contributes 
another membrane-spanning helix with its N-terminus near the periplasmic 
membrane. The C-terminal half of the H-subunit forms a globular domain 
that is bound to the L-M complex near the cytoplasmic membrane surface. 
This protein is not required for primary photochemistry and does not bind 
any of the cofactors, but it may be involved in electron transfer from the 
primary to the secondary quinone. It may also help to stabilise the reaction 
centre, bind antenna complexes or act as a target site in the cytoplasmic 
membrane for the synthesis of new photosynthetic units (Michel and Deisen­
hofer, 1986).
The pigments are arranged within the core in two branches labelled A and 
B, co-ordinated to the L and M polypeptide subunits respectively (Deisen­
hofer et al., 1989). The cytochrome on the periplasmic side of the mem­
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brane feeds electrons to the ”special-pair” bacteriochlorophyll dimer. Elec­
trons travel across the membrane via the A branch pigments to the prim ary 
quinone and pass around the non-heme iron as they are transferred to  
the B branch quinone (Q#) (F igure 1.7). W hen Q# has accepted two 
electrons it dissociates from the reaction centre and reduces a ubiquinone 
in the large, membrane quinone pool. The role of the non-heme iron is still 
uncertain. Its removal does not affect the ra te  of electron transfer from 
to Q#. But it does form six co-ordinate bonds with surrounding amino 
acids which may help to stablise the reaction centre.
Figure 1.5. Stereoview Showing the Arrangement of the Co-factors in the 
Reaction Centre of Rhodopseudomonas viridis (Deisenhofer et al., 1989). 
The co-factors of the M branch are shown in purple and those of the L 
branch are shown in green. The co-factors of the M branch can be trans­
formed onto the co-factors of the L branch (transform ed co-ordinates shown 
in red). This transform ation superimposes only the bacteriochlorophyll spe­
cial pair of each branch.
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Figure 1 .6 . Stereoview showing an overall view of the reaction centre from 
Rhodopseudomonas viridis. Protein chains are represented as smoothed 
backbone drawings (Deisenhofer et al., 1989). Proteins: Green -  cy­
tochrome, Purple -  H subunit, Blue -  M subunit, Brown -  L subunit. 
C ofactors: Yellow -  carbons, Blue -  nitrogens, Red -  oxygens, Green 
-  magnesium. The reaction centre is situated in the mem brane with the 
periplasm at the top of the diagram and the cytoplasm at the bottom .
1.3. (iii) E nergy F low  and th e S yn th esis  o f A T P  and N A D H
The membrane quinol pool supplies electrons to the transm em brane cy­
tochrome bci complex (Gabellini et al, 1982) which is used in both photo­
synthesis and photorespiration. In photosynthesis electrons are transferred 
from the membrane quinone pool through the cytochrome bc\ complex to
the reaction centre donor cytochrome c2  (Robertson and Dutton, 1988). 
The electrons from the quinone pool are transferred to protein-associated 
quinone sites in the complex. Electrons from the Qc site and some from Q* 
site reduce the cytochrome which is then thought to reduce the mem­
brane quinone pool (F igure 1.7). The remaining electrons from the Q* site 
reduce soluble cytochrome c2  in the periplasmic space, which then diffuses 
across and donates electrons to the reaction centre. Overall there is a net 
oxidation of one quinol and a net reduction of two cytochromes c2.
As electron flow proceeds the combined A  pH and A  ip (A  Hh+) increases 
and can be used to drive three processes (F igure 1 .8 ):
( 1 ). Reduction of nicotinamide adenine dinucleotide (NAD) to (NADH) 
in an energy linked reversed transfer process, by membrane bound NADH- 
quinone oxidoreductase enzymes.
(2 ). Synthesis of adenosine triphosphate (ATP) by proton flow across the 
membrane through the ATP synthase complex (chemiosmotic hypothesis) 
(Mitchell, 1961, Nicolls, 1982, and Jackson and Crofts, 1969).
(3). Active transport of metabolites across the cytoplasmic membrane.
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Figure 1.7. Cyclic Electron Flow Between the Reaction Centre and the 
Cytochrome bc\ complex. Membrane pool quinones reduce two quinones 
in the cytochrome bc\ complex (Q c and Qz)- Electrons then flow to cy­
tochrome bfj and back to the membrane quinone pool, or to cytochrome 
C2  in the periplasmic or lumenal space. Cytochrome c2  then donates elec­
trons to the reaction centre ”special-pair” to complete the cycle. The cyclic 
electron flow results in a net transport of protons across the membrane 
(Robertson and D utton, 1988).
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CO  2 
- N A D H
S A D
ADP + Pi
i oul
NAD - ATP
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< out
Figure 1 .8 . Electron Flow and Electron Transfer in Autotrophic and 
Heterotrophic N utritional Modes in Purple Bacteria. (1) Light- harvest­
ing antenna complexes, (2) Reaction centre, (3) Cytochrome bci complex, 
(4) NADH-quinone oxidoreductase, (5) ATP synthase complex, (6) Trans- 
membrane m etabolite transporters (Q) Membrane pool quinone, (C ) Cy­
tochrome c2., (SD H ) Succinate dehydrogenase (D utton, 1986).
14
1.4. T h e L igh t-H arvestin g  A n ten n a  C om p lexes o f  P u rp le  P h o to ­
sy n th etic  B a cter ia
1.4. (i) In trod u ction
The absorption spectrum of bacteriochlorophyll shows three main ab­
sorption bands (F igure 1.9 (i)). The Soret, UV (380nm) band results 
from an electronic transition to the second excited singlet state. The Qx 
absorption band at 590nm and the Qy absorption band at 772nm result 
from excitations into the first excited singlet state. After excitation into 
the Soret band, rapid internal conversion to the first excited singlet state 
occurs. The Qr and Qy bands arise from two different, perpendicular tran­
sition dipoles across the porphyrin ring (F igure 1.9 (ii)). Light absorption 
into the Qr band at ~590nm induces a different molecular orbital electron 
distribution, and hence a different orientation compared to the Qy dipole.
Nomenclature for light harvesting antenna complexes is assigned with 
reference to their intense near infrared Qy absorption bands (Vredenberg 
and Amesz, 1967). This is shifted from the absorption of unbound bacte­
riochlorophyll at 772nm. The carotenoid band is also positioned further to 
the red in the native complex which suggests that the chromophores are 
involved in specific interactions with other molecules.
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Figure 1.9. (i) Electronic Absorption Spectrum of Unbound Bacteri­
ochlorophyll in Acetone, (ii) Molecular structure of bacteriochlorophyll a. 
The isoprenoid phtyl side-chain (phy) is replaced in Rhodospirillum rubrum 
by a geranylgeranyl side-chain.
Bril (1958) and Clayton (1962) obtained a partial separation of the an­
tenna bacteriochlorophyll forms, by treatment of chromatophores (photo­
synthetic membranes) with Triton X-100 and DOC (deoxycholate) respec­
tively. Since then a great deal of progress has been made in both the 
isolation and purification of antenna complexes from the chromatophores 
of different species (Cogdell, 1986). There are two main classes of antenna
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complex which differ in spectral properties (Thornber et al., 1983).
The ” core” antenna complex is characterised by a single strong bacteri­
ochlorophyll a Qy absorption band in the wavelength ranges 870-890nm. 
The exact wavelengths of their Qy maxima vary slightly, but these are 
grouped as B880 complexes for convenience (where ”B” stands for bulk 
pigment followed by the wavelength of absorption). This class of antenna 
complexes is also termed LH1  (light harvesting). The B880 ’’core” antenna 
complex is present in all species of purple photosynthetic bacteria situated 
adjacent to the reaction centre and delivers excitation energy directly to 
it. The "core” complex has a fixed stoichiometry with respect to the reac­
tion centre (Aagard & Sistrom, 1972). Examination of the structure of the 
photosynthetic membranes from species containing bacteriochlorophyll b, 
using high-resolution electron microscopy and image reconstruction tech­
niques, have suggested that the B880 "core” antenna complexes (B1012 
in Rhodopseudomonas viridis) form a well defined core complex of twelve 
heterodimers surrounding the reaction centre (Miller et al., 1982, Stark et 
al., 1984, & Engelhardt et al., 1985). Recent studies of ”core” complexes 
from the 7750 and 10050 strains of Rhodopseudomonas acidophila, show a 
hexagonal lattice of heterodimers surrounding the reaction centre (Gall A., 
personal communication, 1992).
A second type of antenna complex can be isolated from the chro­
matophores of most species of purple bacteria (Rhodospirillum rubrum and 
Rhodopseudomonas viridis are some exceptions). These complexes differ 
from the ”core” complex in the first instance by having two distinct Qy 
bacteriochlorophyll bands in the near infrared (F igure 1 . 1 0 .). The amount 
and type of peripheral antenna complex expressed in most strains is also 
dependent on environmental factors such as light intensity and/or temper­
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ature to which the bacterium is exposed. In the two most widely studied 
species, Rhodobacter sphaeroides and Rhodobacter capsulatus, the effect of 
growing cells at different light intensities has been well documented (Agaard 
& Sistrom, 1972, Oelze et al., 1981 and Drews et al., 1985). In these species 
the major response to lowering the light intensity is increased synthesis of 
the variable B800-850 complex. There axe however a number of less well 
studied species which not only regulate the size of their photosynthetic unit 
in response to changes in the ambient environment, but also have the ca­
pacity to alter the type of peripheral antenna complex synthesised (Hayashi 
et al., 1981, Hayashi et al., 1982b and Cogdell et a l, 1983). Chromatium 
vinosum, Rhodopseudomonas palustris and Rhodopseudomonas acidophila 
are examples of species which show this type of response (F igure 1.11). 
Both the 7750 and the 7050 strains of Rhodopseudomonas acidophila can 
synthesise a B800-820 peripheral antenna complex in response to low tem­
perature and/or low light. However only the 7750 strain can synthesise the 
B800-820 complex free of associated B800-850 complex.
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Figure 1 . 1 0 . Absorption Spectrum of the B800-850 Antenna Complex 
from Rhodopseudomonas acidophila strain 10050.
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Examples
Rs. rubruin, 
Rps. marina 
Rps. viridis
LEGEND
REA C TIO N  C EN TRE
C O RE C O M PLEX
Examples
Rb. sphaeroides
Rb. capsulatus 
Rc. gelatinosus
PERIPHERAL C O M PL EX  
B800-850
PERIPHERAL C O M PL EX  
B800-820
(Synthesis o f  these antenna 
com plexes dependent on 
cell growth conditions )
Examples
Rps. acidophila 
Rps. palustris 
C. vinosum
Figure 1 . 1 1 . Relationships Between Different Species of Photosynthetic 
Purple Bacteria and Different Types of Light-Harvesting Complexes (Zuber, 
1991).
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1.4 (ii) T h e M olecu lar S tru ctu re o f  L igh t-H arvestin g  A n ten n a  
C om p lexes
Since the first light-harvesting antenna polypeptide, from the B890 com­
plex from Rhodospirillum rubrum, was sequenced in 1981 (Brunisholz et al.), 
a large variety of both core and peripheral antenna complexes from many 
different species of purple bacteria have been sequenced (F igure 1 . 1 2  (a), 
(b )) (Zuber, 1990).
Hydropathy plots have indicated a hydrophobic stretch of 20-23 amino 
acids flanked by polar N- and C-termini. The N-terminal region is ex­
posed to the cytoplasmic side of the photosynthetic membrane, with the 
C terminal portion located on or near the periplasm (Brunisholz et al., 
1986). The location of these regions was determined via protease experi­
ments (Brunisholz et al., 1986). On the basis of labelling experiments (Jay et 
al., 1983), ultra violet circular dichroism and infrared spectroscopy (Breton 
and Nabedryk, 1984, Cogdell and Scheer, 1985), it has been demonstrated 
that the central hydrophobic domain consists of an a  helical segment. Us­
ing infrared dichroism Breton and Nabedryk (1984) have suggested that the 
a-helices lie at 30 to 35° to the membrane normal. In 1986 Brunisholz et al. 
proposed a model for the membrane location of the B890 ”core” complex 
from Rhodospirillum rubrum (F igure 1 .14.).
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2 3
2 4
2 5
2 6  
2 7
up . acidopnna a c /0 5 0  8 8 0 0 -8 5 0 -a  
Rp. acidophila A c7050  B 800-820-O  
Rp acidophila A c7750  B 8 0 0 -8 5 0 -a  
Rp acidophila A c7750  B 8 0 0 -8 2 0 -a  
Rp acidophila A C 10050 8 8 0 0 -8 5 0 -n  
Ectolhiorhodospira halophila B 800-850-O  
Rp. p a lu slh s 2 .6 .1  B 8 0 0 -8 5 0 -a ,
Rp palustris 2 .6 .1  B 8 0 0 -8 5 0 -a 2 
Rp p a lu slh s 2.6 .1  B 8 0 0 -8 5 0 -a 3 
Rp palustris 2 .6 .1  B 800-850-ou  
Chrom atium  vinosum  B 8 0 0 -8 5 0 -a , 
Chrom atium  vinosum  B 8 0 0 -8 2 0 -a  
Chrom atium  vinosum  B 8 0 0 -8 5 0 -a 2
1 Rhodospirillum  rubrum B 8 7 0 -a
2 R h o d o p seu d o m o n a s m arina B 8 8 0 -a
3 R h o d o p seu d o m o n a s viridis 1 0 1 5 -a
4 R hodobacter sp h a e r o id e s  B 8 7 0 -a
5 R hodobacter c a p su la tu s  B 8 7 0 -a
6  Rp acidophila A c 7 0 5 0  B 8 8 0 -a
7 Rp. acidophila A c 7 7 5 0  B 8 8 0 -a
8 Rp. acidophila A c1 0 0 5 0  B 8 8 0 -a
9 Ectolhiorhodospira halophila B 8 9 0 ,-a
10 E ctolhiorhodospira halophila B 8 9 0 2-a  
1 1 Chrom atium  v inosum  B 8 9 0 -a  
1 2 C hloroflexus aurantiacus J-10-fl B 8 0 6 -8 6 6 -a
13  R h od ob acter sp h a e r o id e s  B 8 0 0 -8 5 0 -a
14 R h odobacter c a p su la tu s  B 8 0 0 -8 5 0 -a
F ig u re  1 .12 . (a ) . Prim ary Structures of a  Polypeptides of the Core
and Peripheral A ntenna Complexes of Purple Bacteria (Zuber 1990). The 
conserved histidine residue (H), which is the proposed bacteriochlorophyll 
binding site is shaded. Boxes: conserved clusters of amino acid residues. 
The function of these clusters is unknown. Dots represent C-Term inal se­
quences which are still unknown. For a key to the one letter amino acid 
codes see F ig u re  1.13.
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A E  v L A Y S L T
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L F V I  A A H 
L F V I A A N  
L F V I A A N  
L M V L A N  NIP. W r .
G A  I
G A I
F V A I
r V G L A A U A B
r v G
rvc
1 Rhodospirlllum rubrum B 890-P
2 R h od op seu d o m o n a s marina B 880-p
3 R h o d o p seu d o m o n a s viridis B 1015-P
4 R hodobacter sp h a ero id es B 870-P
5 R hodobacter cap su la tu s B 870-P
6 Rp acidophila A c7050  B89O-0
7 Rp acidophila A c7750  B 890-P
8 Rp. acidophila A c10 0 5 0  B 890-P
9 Ectothiorhodospira halochlorls P -Polypeptid
10  Ectothiorhodospira halophila B 8 9 0 ,-P
11 Ectothiorhodospira halophila B 8 9 0 2-P
12  Chrom alium  vinosum  B 8 9 0 ,-p  
1 3 Chromatium vinosum  B 8 9 0 2-p
14 Chloroflexus aurantiacus J-10-fl B 806-866-P
15  R hodobacter sp h a ero id es  B 8 0 0 -8 5 0 -P
1 6  R hodobacter cap su ia ta  8 8 0 0 -8 5 0 -p  
1 7 Rp acidophila A c7050  B 800-850-P  
1 8 Rp acidophila A c7050  B 800-820-P  
1 9 Rp. acidophila A c7 7 5 0  B 800-850-P
2 0  Rp acidophila A c7750  B 8 0 0 -8 2 0 -p 2
21 Rp. acidophila A c7750  B 8 00-820-P ,
2 2  Rp. acidophila AC10050 B 800-850-P
2 3  Rp. palustris 2.6.1 B 800-850-P ,
2 4  Rp. palustris 2 .6  1 B 8 0 0 -8 5 0 -p 2
2 5  Rp. p alustns 2.6.1 B80Q -850-p3
2 6  Chrom atium  vinosum  B 800-850-p
2 7  Chrom atium  vinosum  B 800-820-P ,
2 8  Chrom atium  vinosum  B8 OO-8 2 O-P2
2 9  Chrom atium  vinosum  B800-820-P3
F ig u re  1.12. (b ) . Prim ary Structures of (3 Polypeptides of the Core and 
Peripheral Antenna Complexes of Purple Bacteria. Boxes: conserved com­
plex specific structural elem ents (cluster of amino acid residues). Again the
function of these clusters is also unknown. (Zuber, 1990).
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© Glycine © Lysine © Leucine © Asparagine
0 Alanine © Arginine © Isoleucine © Glutamine
© Valine © Histidine © Phenylalanine © Cysteine
© Serine © Aspartate © Tyrosine © Methionine
0 Threonine © Glutamate © Tryptophan © Proline
F igure 1 .13. Key to the One-Letter Amino Acid Codes [IUPAC-IUB Joint 
Commission on Biochemical Nomenclature (1984)]
The presence of conserved histidine residues (F igure 1 . 1 2 . (a ), (b )) has 
led to the suggestion that a bacteriochlorophyll dimer is non-covalently lig- 
anded between the two adjacent histidines. A high resolution X-ray analysis 
of crystals of a water-soluble bacteriochlorophyll a protein complex from the 
green bacteria Prosthecochloris aestuarii has demonstrated the presence of 
co-ordinate bonds between the central magnesium atom of bacteriochloro­
phyll and a nitrogen atom orbital of the amino acid histidine (Fenna and 
Matthews, 1975, Fenna et al., 1977 and Pearlstein, 1987).
Resonance Raman spectroscopy was used to probe the vibrational inter­
actions of the bacteriochlorophyll chromophores in isolated antenna com­
plexes (Robert and Lutz, 1985). This data confirmed that the magnesium  
atom of the bacteriochlorophyll has five ligands, four of which axe presum­
ably co-ordinated to the dihydrophorbin ring. The fifth ligand is therefore 
co-ordinated to an external structure. By comparing the Raman spectra of 
bacteriochlorophyll-imidazole models with those of the antenna complexes, 
Robert and Lutz concluded that the B890/B850 chromophores are liganded
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to histidine residues. However a different Ram an spectrum  was found for 
the B800 chromophores which has been interpreted as meaning th a t the 
B800 bacteriochlorophylls are not co-ordinated to histidine residues as has 
been suggested.
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Figure 1.14. Structural Model of the Light-Harvesting ’’Core” Antenna 
Apoproteins from Purple Photosynthetic Bacteria (Brunisholz et al., 1986). 
a -  and (3- subunits traverse the mem brane as an a-helix , and the polar 
domains protrude on either side.
1.4. (iii) In Vivo B acterioch lorop h yll Q y A b sorp tion
The same bacteriochlorophyll a molecule can either multiply or singu­
larly absorb at numerous wavelengths (800-890nm) in different antenna 
complexes. These in vivo near infrared maxima, observed in detergent sol­
ubilised antenna complexes are a property of the specific interactions of
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bacteriochlorophyll with its immediate environment. Pigment-protein com­
plexes which absorb at different wavelengths axe of fundamental importance 
in the processes of light capture and directed heterogenous energy transfer 
to the reaction centre. The route of bacteriochlorophyll energy transfer 
within a photosynthetic unit of Rhodopseudomonas acidophila strain 7750 
grown at 27°C, is shown in F igure 1.15. The transfer of energy from the 
outermost B800-820 antenna complex to the reaction centre is an energet­
ically favourable process (the energy of an electronic transition is inversely 
proportional to the absorption wavelength).
Many factors can alter the wavelength at which the Qy bands absorb 
e.g. the strain of bacterium, the oxygen tension, growth conditions and 
age (Thornber et a/., 1978). Wavelength shifts have also been noted dur­
ing detergent solubilisation of antenna complexes e.g. 5nm and 12nm blue 
shifts in LDAO (lauryl dimethyl N-amine oxide) extracts from Rhodobacter 
sphaeroides, wild type, and R-26 carotenoidless mutant respectively (Reed, 
1970, Clayton and Clayton, 1972). In vitro, bacteriochlorophyll and bac­
teriopheophytin oligomers have been found in small Triton X-100 and LDAO 
detergent micelles (Cotton et al., 1978, Gottstein and Scheer, 1983, Scherz 
and Parson, 1984 and Scherz et al., 1986). These oligomers have Qy bands 
which can absorb at wavelengths as  high as 880nm. It is thought that 
their pyrrole rings III overlap, giving rise to exciton coupling and inducing 
the red shift (F igure 1.9). However in very dry non-nucleophilic solvents 
aggregation does not occur (Katz et al., 1977, Cotton et al., 1978). It 
has been proposed that during aggregation nucleophiles, solvent hydroxyl 
groups, form lone-pair coordinate bonds with the central magnesium atom  
of one of the chlorophylls. The solvent can then hydrogen-bond the keto 
group on ring V of the second chlorophyll to form the aggregate. Hanson
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and Hofrichter (1985) formed water-free phaeophorbide a crystals which 
had red shifts high enough to account for the in vivo Qy bacteriochlorophyll 
forms, by just tt- tt orbital interactions.
Although this evidence demonstrates that in vitro bacteriochlorophyll 
molecules can form oligomers resulting in a red shift, resonance Raman 
spectroscopy has indicated that such oligomerisation does not occur in vivo. 
This does not however dismiss the overlap of excited state wavefunctions of 
closely positioned molecules.
There is some evidence to suggest interactions with carotenoids can ef­
fect a bathochromic shift in the Qy maximum (Griffiths et al., 1955). The 
a -  and /?- apoproteins of antenna complexes from wild type Rhodospirillum  
rubrum and the G9+ carotenoidless mutant strain have identical amino acid 
sequences (Brunisholz et al., 1984), however the Qy maxima of these two 
strains differs by 8 nm (Wild type 881nm, mutant strain 873nm (Parkes- 
Loach et al., 1988)). Thus the difference in wavelength seems to be associ­
ated with the carotenoid.
It is also possible that bathochromicity is partly 
due to bacteriochlorophy 11-protein interactions, especially with charged or 
aromatic amino acids. The evidence for bacteriochlorophyll-histidine liga­
tion has already been discussed. With rare exceptions both the N-terminal 
and C-terminal polar domains of antenna polypeptides contain clusters of 
two-four conserved aromatic amino acid residues (see F igure 1 . 1 2 .) The 
B800-850 antenna complexes from the 7050 and 7750 strains of Rhodopseu­
domonas acidophila have identical absorption spectra. Although there are 
some differences in primary structure, there is a conserved cluster of aro­
matic amino acids in the C-terminals of the a-apoproteins, i.e. Y 4 4 -W 4 5  
(Brunisholz h  Zuber, 1987). When strain 7050 is grown under low light
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intensity it synthesises a B800-820 complex, which has a different aromatic 
cluster (F 4 4 -L4 5 ). In the B800-820 complex of cells of the 7750 strain grown 
at low temperature, the cluster is replaced by F4 4 -T4 5 . As these are the 
only major differences in the C-terminal regions of the polypeptides it was 
suggested that these aromatic amino acids are specifically responsible for 
the variation in the Qy band absorption maxima of these complexes (Zu- 
ber & Brunisholz , 1991). This has recently been confirmed by site-directed 
mutagenesis experiments producing genetically modified antenna complexes 
with these blue-shifted absorbance bands (Fowler et al., 1992).
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F igure 1 .15. Photosynthetic Unit from Rhodopseudomonas acidophila 
strain 7750 grown at 27° C. An efficient directional flow of excitation en­
ergy from the antenna complexes to the reaction centre is possible by a 
combination of chemically identical bacteriochlorophyll pigments absorbing 
at different wavelengths.
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The differences in near infrared circular dichroism intensities and varia­
tion in the wavelength at which the core antenna complexes absorb (880- 
890nm) can be correlated from a comparison of the primary sequences of 
the polypeptides (Brunisholz and Zuber, 1987). The B880/B890 core an­
tenna complexes have an intense biphasic near infrared CD signal (Cogdell 
and Scheer, 1985, Thornber, 1986), whilst the CD signals of the slightly 
blue shifted B875 core antenna complexes have a much weaker CD signal. 
The structural features of the polypeptides of core antenna complexes with 
intense CD signals are:
i. in the a-polypeptides: the adjacent amino acid of the conserved histidine 
is a phenylalanine.
ii. in the C-terminal domain of the /^-polypeptides a tyrosine/tryptophan 
residue is present adjacent to an extreme turn constellation (F igure 1 .16 .). 
These specific structural elements are not present in the polypeptides of the 
core antenna complexes with weak CD intensities indicative of a possible 
structural and functional role for the strongly interacting core antenna pig­
ments.
Both bacteriochlorophyll-bacteriochlorophyll and bacteriochlorophyll- 
amino acid interactions were found to be present in the light-harvesting 
antenna complex from Prosthecochloris aestuarii, when the structure was 
determined to atomic resolution by Fenna and Matthews in 1975. Although 
this antenna complex binds bacteriochlorophyll a, it is water-soluble and 
thus different to the hydrophobic antenna complexes of purple bacteria.
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Figure 1 .16. Correlation of the Near Infrared CD Intensities of the Core 
Antenna with Specific Structural Features of the a -  and /9-polypeptides. A: 
Amino acid sequence constellation in the vicinity of the conserved histidine 
(*) of the core a-polypeptides. B: A comparison of the C-terminal domains 
of the /9-polypeptides of the core antenna complexes. 1. R s. rubrum, 2. 
Rps. viridis, 3. Rps. acidophila, 4. Rc. gelatinosus, 5. Rb. sphaeroides, 6 . 
Rb. capsulatus (Brunisholz and Zuber, 1987).
In summary the observed bathochromicity of the bacteriochlorophyll Qy 
bands is probably due to a combination of different bacteriochlorophyll in­
teractions. The bacteriochlorophyll-bacteriochlorophyll interaction in the 
B800-850 dimer will induce a red shift of unknown magnitude. The coordi­
nate ligation of both the dimer and monomer to histidine residues will alter
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the first excited state wavefunctions of the bacteriochlorophyll and induce a 
red shift. And finally, the presence of aromatic amino acids in the environ­
ment of the antenna bacteriochlorophylls may play a role in ’’fine-tuning” 
the near infrared absorption maxima.
1.4. (iv ) P ig m en t S to ich io m etry
B875/B890 complexes contain one bacteriochlorophyll dimer per c t/fl-  
polypeptide pair whereas peripheral antenna complexes contain a dimer 
and a monomer giving a stoichiometry of three bacteriochlorophylls per 
polypeptide pair (Sauer and Austin, 1978, Broglie et al., 1980, Picorel and 
Gingras, 1988). The ratio of bacteriochlorophyll to carotenoid appears to 
be antenna complex specific. B875 complexes are believed to have ratios of 
1:1 (Broglie et al., 1980, Evans, 1989), but B890 complexes are believed to 
have ratios of 2  bacteriochlorophyll a to 1  carotenoid (Cogdell et al., 1982, 
Picorel et al., 1983, Ueda et al., 1985). The ratio for all B800-820 complexes 
was initially reported to be 3:1 (Thornber et al., 1970, Cogdell et al., 1983a), 
but the ratio for the B800-820 complex from Rhodopseudomonas acidophila 
strain 7750 has recently been redetermined as 2:1 (Evans, 1989). The ratio 
of pigments in this complex is the subject of investigation in C h ap ter  3.
1 .4. (v ) O rientation  o f  P ig m en ts
The position of non-covalently bound carotenoid molecules in antenna 
complexes is unknown. Carotenoids perform energy transfer and provide 
photoprotective functions, which are restored after these pigments are re­
constituted into complexes isolated from carotenoidless mutants (Davidson 
and Cogdell, 1981). To act as photoprotectors the carotenoids must be posi­
tioned <  0.5nm from bacteriochlorophyll molecules. Zuber (1985) suggests 
that the carotenoid may be located within the short a-helical regions of 
the a -  and /9-polypeptides at the N-terminal side of the membrane. Brun-
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isholz et aL, (1986) described differences in the action of proteases on the 
N-terminal domains of the apoproteins of Rhodospirillum rubrum wild-type 
and the caxotenoidless mutant strain G9+, which they suggest indicates that 
the carotenoid may lie in this region.
From fluorescence polarisation and linear dichroism studies, Breton et 
al. (1984) have proposed a model in which the porphyrin ring of the bacte- 
riochlorophyll 800nm absorbing monomer lies almost parallel with respect 
to the plane of the membrane, and perpendicular to the carotenoid. The 
porphyrin rings of bacteriochlorophylls absorbing between 820-850nm lie 
perpendicular with respect to the plane of the membrane and are appar­
ently located in the same bilayer half as the ” special pair” of the reaction 
centre (Brunisholz et aL, 1984, Brunisholz et aL, 1986). It is proposed that 
they are orientated so that their Qy transition moments axe mutually per­
pendicular.
1.4. (vi) The Arrangement of Antenna Polypeptide Aggregates
The structural basis for the strict organisation of pigment molecules is the 
hierarchical organisation of the a -  and /?- antenna polypeptides within and 
between the antenna complexes.The results of recent excitation migration 
studies of different cultures of Rhodopseudomonas acidophila have shown 
that differences exist in the transfer of energy (Deinum et al., 1991). On the 
basis of these results Deinum et al. proposed a general model for the struc­
tural arrangement of antenna complexes in the photosynthetic membrane 
(F igure 1 .17 .). This model depicts small clusters of B880 core complexes 
separated from each other by a more or less continous array of B800-820 or 
B800-850 antenna complexes.
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Figure 1 .17. Model for the Photosynthetic A ntenna Complexes of 
Rhodopseudomonas acidophila. The peripheral antennae (B800-820 and /o r 
B800-850, depending on the culture) are indicated by white circles, the re­
action centre plus core antennae (B880) by black and grey circles, (Deinum 
et al., 1991).
Electron microscopy and image processing, of photosynthetic membranes 
from Rhodopseudomonas viridis suggest th a t the  B1015 complex has a 
hexagonal arrangem ent around the reaction centre (Englehardt et al., 1985, 
Stark et al., 1984). Assuming a tilt of 30° of the  a-helices (Breton and 
Nabedryk, 1984) a speculative model for the circular arrangem ent of o://?- 
apoprotein pairs has been proposed (Zuber et al., 1985, Zuber, 1986). The 
model envisages an aggregate which forms a left-handed superhelix; the 
individual apoproteins interacting at the centre (F igure 1 .18.). X-ray 
diffraction da ta  indicates tha t the observed three-fold axis of sym m etry 
of the polypeptide arrangem ent corresponds with the three-fold functional 
symmetry of the  3a2(32 subunits (Papiz et al., 1989).
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Figure 1 .18. Model of the Arrangement of a / /? -  Polypeptide Aggregates 
(Zuber, 1986). The a-helices of the polypeptides are tilted  about 30° with 
respect to the membrane normal and arranged in a hexameric aggregate.
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CHAPTER 2. Experimental Methods
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2 . 1 . C u ltu re Storage
Cell cultures were maintained in agar at a temperature of 20°C or in 
glycerol at approximately -70°C.
2 . 2 . C ell C ulture
Rhodopseudomonas acidophila, strain 7750 was grown photoheterotroph- 
ically at pH 5.2 (A p p en d ix  A ), in Pfennigs medium (Pfennig, 1969). Liq­
uid starter cultures were prepared from stored cultures and grown in 25ml 
bottles positioned between arrays of 100 and 150 Watt electric light bulbs at 
a temperature of 30°C. After 2 days the cultures were transferred to 500ml 
flat-sided screw capped bottles. Cells were grown at 23°C in a thermostat­
ically controlled waterbath. The light intensity was 50£imoles/sec/m2 (six 60 
Watt electric light bulbs). Since large quantities of the cells were required, 
the contents of the culture bottles were transferred after 3 days during the 
late log phase, into a 1 0  litre stoppered flask.
2.3 . Iso la tion  o f  th e  P h o to sy n th e tic  M em branes
Cells were harvested from the liquid culture, during the late log phase by 
centrifugation at 2800rpm, for lOOmin at 4°C (Fisons MSE COOLSPIN cen­
trifuge). After re-suspending in MES-KC1 buffer, pH 6 .8 , the cells were fur­
ther centrifuged at 12000rpm for 20min at 4°C (Fisons MSE18 centrifuge). 
The pelleted cells were re-suspended in 20mM Tris-HCl pH 8.0, and then 
used immediately or stored at -2 0 °C until required The cell suspension was 
stirred together with a few grains of bovine pancreatic DNAasel (Sigma) 
and magnesium chloride for lOmin. A French press (Frenkel and Nelson, 
1971), chilled prior to use, was used to rupture the cells under a pressure of 
7-10 tonnes/in2.
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tonnes/in2. The broken cells were centrifuged at 12000rpm for 20min at 
4°C, and the supernatant further centrifuged at 45000rpm in a fixed angle 
rotor (Dupont, Sorvall T865), for lhr at 4°C (Cogdell et al., 1983b). The 
pellets from the low and high speed spins were combined and re-suspended 
in 2 0 mM Tris-HCl, pH 8.0.
2.4. Solubilisation of the Photosynthetic Membranes and Isola­
tion of the Crude Preparations of Antenna Complexes
The photosynthetic membrane suspension was adjusted by dilution with 
20mM Tris-HCl at pH 8.0, to give an absorbance at a wavelength of 800nm 
of 50cm-1 . The diluted membrane solution was then incubated for 20mins, 
at room temperature with l% (v/v) LDAO(lauryl dimethyl N-amine oxide) 
(Oxyl). Centrifugation at 12000rpm for lOmin was used to pellet the un­
solubilised material. The supernatant containing the crude preparations of 
antenna complex was retained and used immediately or stored at -20° C.
2.5. Separation of the B880 Core and the B800—820 Peripheral 
Antenna Complexes
Two methods were used for the separation of the B880 core complex from 
the B800-820 peripheral antenna complex.
2.5(i) DEAE Anion-Exchange Chromatography
Whatman DE52 diethylethyl-aminoethylcellulose (DEAE) anion ex­
changer was pre-equilibrated with 20mM Tris-HCl, pH 8.0 and poured into a 
sintered glass column to a height of 5 - 1 0cm. Five column volumes of buffer 
were used to equilibrate the pH of the anion exchanger, and also to level the 
anion exchanger -  buffer interface. The crude preparation of antenna com­
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plex was diluted twofold using buffer and loaded onto the column, making 
sure that the interface surface remained intact. After loading was com­
plete, a gradient of sodium chloride solutions (30mls each of 50mM, 60mM, 
70mM, lOOmM and 150mM) in 0.1% LDAO was used to elute first the B880 
core complex and then the B800-820 peripheral antenna complex (F igure
2 . 1 .). The eluted complexes were collected automatically in 1 ml fractions 
(Biorad-econofraction collector). The electronic absorption spectra of each 
fraction was monitored in the wavelength ranges 750-900nm (Shimadzu 
UV-160A spectrophotometer). Fractions containing only the B800-820 pe­
ripheral antenna complex free of B880 core complex were pooled. Samples 
of B800-820 peripheral antenna complex still containing B880 core complex 
were retained for complete purification using sucrose-density centrifugation.
To concentrate the complex, an identical second anion exchange column 
was poured using Whatman DE52 anion exchanger, pre-equilibrated with 
20mM Tris-HCl, pH 8.0. The pooled fractions were reloaded and again 
eluted using the same gradient of sodium chloride solutions in 0 . 1 % LDAO. 
lm l fractions were collected and their electronic absorption spectra moni­
tored (wavelength range 250-900nm). The pigment/protein ratio of :
bacteriochlorophyll a Abs(800nm)
arom atic amino acid Abs(280nm)
was taken as a purity index. Only fractions which had a purity index of 2  
or greater were retained. Damaged antenna preparations contain more free 
pigment and hence less 800nm-absorbing bacteriochlorophyll. This gives a 
low pigment/protein ratio.
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Figure 2 .1 . Removal of the B880-LH1 Complex using Anion Exchange 
Chromatography.
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2.5 (ii) Sucrose Density-Gradient Centrifugation
Sucrose gradients were carefully prepared in 27ml polycarbonate cen­
trifuge tubes (Dupont) (Garcia et a/., 1966). The gradients were layered 
using 6 ml steps of 0.6M, 0.4M, 0.3M and 0.2M sucrose, all in 20mM Tris- 
HCl, pH 8 .0 , 0.2% LDAO. A 3ml sample of mixed complexes was layered 
on top of the gradient. The samples were then centrifuged at 45000rpm for 
16hrs at 4°C. The mixed complexes separate into two distinct bands, the 
upper and lower bands containing the B800-820 peripheral antenna com­
plex and the B880 LH1  core complex respectively. The B800-820 complex 
was transferred using a pasteur pipette to a membrane (BDH, visking size 
2-18/32”) and dialysed overnight against 21itres of 20mM Tris-HCl, pH 8.0, 
0 .1 % LDAO at 4°C.
2.6. Gel Filtration Chromatography
Gel filtration chromatography was used to further purify the B800-820 
peripheral antenna complex. 3ml preparations from anion exchange chro­
matography or sucrose -gradient centrifugation were passed down a 1  me­
tre long column of Sephacryl S200 high resolution gel (Pharmacia), pre­
equilibrated with approximately 500mls of 20mM Tris-HCl, pH8.0, 0.1% 
LDAO, at 4°C. 1 ml fractions were collected and monitored spectropho- 
tomerically as detailed previously. Fractions with a purity index of 3 or 
greater were pooled.
2.7. Concentration of the B800-820 Peripheral Antenna Complex 
and Detergent Exchange
A mini-column poured in a pasteur pipette, containing Whatman DE52
40
anion exchanger, was equilibrated with approximately lOmls of 20mM Tris- 
HCl, pH 8.0. The B800-820 peripheral antenna complex was diluted four­
fold in the same buffer and loaded onto the column. The complex was then 
washed with 4 column volumes (6 ml) of detergent-free buffer and the deter­
gent exchanged by loading 1 column volume of new detergent (A p p en d ix  
B ) ( 1 % concentration in 20mM Tris-HCl, pH 8.0). The complex was eluted 
using 350mM sodium chloride in 2 0 mM Tris-HCl, pH 8.0, 1% new deter­
gent.
Samples of protein in each of these detergents were assessed for stability 
by initially observing the electronic absorption spectra. The samples were 
then stored at -20°C and checked weekly over a period of 4 months, by 
observation of the electronic absorption spectra.
2 .8 . Iso la tion  o f  a — and /?—A p op rotein s for E lectrosp ray  M ass  
S p ectro m etry  S tu d ies
A 3ml sample of concentrated and detergent-exchanged B800-820 an­
tenna complex was freeze dried for 4 days. The lyophilised complex was 
added to 2 0 ml of 1 : 1  (v /v) dichloromethane/methanol in the presence of 
lOOmM ammonium acetate and ImM dithiothreitol. The sample was then 
left in the dark for 30 min and extracted via centrifugation at 6000rpm. 
The green supernatant was removed and extraction of the pellet repeated 
until the supernatant was colourless. All supernatant fractions were pooled.
A Sephadex LH60 gel filtration column (150x2.5cm) was prepared in 1 : 1  
(v /v ) dichloromethane/methanol and lOOmM ammonium acetate. A 10ml 
volume of extracted supernatant was loaded evenly across the gel surface. 
The eluate was monitored by absorption at 280nm using an LKB Uvicord 
ultraviolet monitor and collected in 1 ml fractions. These fractions were
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dried using a rotary evaporator and the white precipitate resuspended in 
the minimum volume (2ml) of 1 : 1  (v /v) formic acidrmethanol and 50mM 
ammonium acetate.
2.9. Circular Dichroism
Samples of 20-40/zl of final concentrated and detergent exchanged pro­
tein were diluted in 3mls of glass-distilled water. All samples were scanned 
at 4 °C. The absorption spectra of each sample were recorded before and 
after accumulation of the CD spectra to ensure that no denaturation had 
occurred during the measurements. A JASCO J/600 Spectropolarimeter 
was used to measure the absorbance of circularly polarised light in the ultra 
violet (190-260nm) and infrared (400-950nm) regions (SERC facility, Uni­
versity of Stirling). For measurements in the ultra violet region, a scan speed 
of lOnm/min was used, with pathlengths of 0.02 and 0.05cm (pathlength 
determined by the concentration of protein). The infrared measurements 
were made using a pathlength of 1 cm and a scan speed of 20nm/min. Molar 
ellipticities (deg.cm 2 .dmol_1) were calculated using the relationship;
,T. . . ,  T v M w.Qel lip tic ity  {molar) =  ^
Mw-average molecular weight of 110, L-pathlength,
0 -observed ellipticity.
Secondary structure estimations were carried out via the absorbance in the 
ultra violet region using the fitting procedure of Provencher and Glockner 
(1981), based on 11 polypeptides of known secondary structures.
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2 . 1 0 . E x tra ctio n  o f  th e  P h o to sy n th etic  P ig m en ts
A 7:2 (v /v ) acetone:methanol solution was used to extract both the bac­
teriochlorophyll and carotenoid pigments from the B800-820 peripheral an­
tenna complex. The pigments were extracted in 5mls of solvent in the dark, 
and centrifuged at 3000rpm in a bench centrifuge for 5 min. This pelleted 
the protein leaving the free pigments in the solvent. The absorption coef­
ficient for bacteriochlorophyll a in an acetone/methanol pigment extract is 
76mM_1cm_1 at 772nm (Clayton, 1966). An average absorption coefficient 
for the total carotenoid of 134mM_1cm_1 was used in the determination 
of pigment ratios (Evans, 1989). The electronic absorption spectra were 
recorded in the wavelength range 400-900nm (Shimadzu UVPC2101).
2.11. T ricin e-Sod iu m  D o d ecy l S u lfa te-P o lyacry lam id e G el E lec­
troph oresis
2 .1 1 .(i) . G el P rep aration
A discontinous sodium dodecyl sulfate-polyacrylamide gel electrophore­
sis (SDS-PAGE) system was used to resolve low molecular weight proteins 
between 5 and 20kDa (Schagger and Von Jagow, 1987). This was performed 
using a notched plate ’Studier’-type apparatus (Studier, 1973).
Chemicals. SDS and Tricine(Sigma), acrylamide and bisacrylamide (spe­
cially purified for gel electrophoresis), glycerol AR and ammonium persul­
phate GPR (BDH). TEMED (N, N, N’, N’- tetramethylethylenediamine) 
was purchased from Aldrich and Tris-HCl from Boehringer-Mannheim.
The compositions of stock solutions and electrolyte prepared for tricine- gel 
electrophoresis are given in A p p en d ix  C. The compositions of the acry­
lamide mixtures and of all gels are defined by the letters T and C (Hjerten, 
1962). T denotes the total percentage concentration of both monomers
(acrylamide and bisacrylamide). C denotes the percentage of crosslinker 
relative to the total concentation T. All solutions were kept at room tem­
perature with the exception of the acrylamideibisacrylamide mixtures which 
were stored at 4°C.
A gel-former kit consisting of two thick glass plates (one notched), two ny­
lon ’spacers’, two plastic screw-clamps and a plastic sealing stand(Biorad), 
was used.
A nylon ’spacer’ was planed along either side of the un-notched plate. The 
notched plate was positioned on top and the two plates fixed together using 
the two screw-clamps. This assembly was clamped into the sealing stand. 
Ammonium persulphate was added to the separating gel(16.5%T, 6 %C), 
which was then degassed under vaccuum. TEMED, the second polymerisa­
tion catalyst was added and the separating gel was poured continously to a 
height of 1 0 cm.
The separating gel was overlayed with 50% H2O:50% Methanol solution 
and left to polymerise for 30min. The 50% H2O:50% Methanol solution 
was removed and the degassed spacer gel(1 0 %T, 3%C) containing the poly­
merisation catalysts was poured to a height of 4cm. This was again left to 
polymerise for 30min before the stacking gel(4%T, 3%C) was added. The 
well-forming comb was inserted between the gel plates and the stacking gel 
allowed to polymerise.
2.11. (ii) Sample Preparation and Application
The gel and screw-clamps were then attached into the ’Studier’ appara­
tus (Biorad, Protean II). The upper and lower reservoirs were then filled 
with electrolyte (A p p en d ix  C). A kit of low molecular weight markers 
with molecular weights in the range 2.5-17kDa (A p p en d ix  D ) were used
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as standard proteins (Sigma). Protein concentrations of antenna complexes 
were previously determined using tannin and modified Lowry protein assays 
(see (2 .13  & 2.14.) An equal volume of boiling solution (A p p en d ix  C) 
was added to the sample in an Eppendorf vial and heated for 5min in a 
boiling waterbath. The correct volume of the solubilised protein solution 
was added to each well with a Hamilton microliter syringe, giving protein 
loadings of 10-15/ig.
2 . 1 1 . (iii) E lectrop h oresis
The electrophoresis was performed at room temperature, with a tank 
enabling the passage of cold water placed behind the gel. This prevented 
any local heating effects in the gel. A constant current of 20mA was ap­
plied until the the marker dye was within 1 cm of the aniodic end of the gel 
(18hrs).
2 . 1 1 . ( iv ) S ta in in g /D esta in in g
The apparatus was disassembled and the gel was stained for 3hrs with 
Brilliant Blue R stain (Aldrich). The gel was then transferred to destaining 
solution for 1-2 days (A p p en d ix  C).
2 . 1 2 . SD S P o lyacry lam id e  G el E lectrop h oresis
2 . 1 2 . (i) G el P rep aration
Polyacrylamide gel electrophoresis was performed using a notched plate 
’Studier’-type apparatus (Studier, 1973) and a discontinous buffer system  
(Laemmli, 1970). Different concentrations of polyacrylamide were used to 
determine the intact molecular weight of the B800-820 peripheral antenna 
complex(13.5-18.0% T, 2.5%C).
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Chemicals. SDS (Sigma), acrylamide and bisacrylamide (specially pu­
rified for gel electrophoresis), glycine, glycerol AR and ammonium persul­
phate GPR (BDH). TEMED (N, N, N’, N’- tetramethylethylenediamine) 
was purchased from Aldrich and Tris-HCl from Boehringer-Mannheim.
The compositions of stock solutions and electrolyte buffer prepared for 
SDS polyacrylamide gel electrophoresis are given in A p p en d ix  E. All 
solutions were kept at room temperature with the exception of the acry- 
lamiderbisacrylamide mixtures which were stored at 4°C.
Gel plates were cleaned and assembled as described in 2 . 1 1  (i). Ammonium 
persulphate was added to the acrylamide(13.5-18.0%T, 2.5%C), which was 
then degassed. TEMED, the second polymerisation catalyst was added and 
the gel was poured between the plates to a height of 13cm. This was covered 
with a layer of 50% H2O:50% Methanol solution and left to polymerise. Af­
ter polymerisation, the 50% H2O:50% Methanol solution was removed and 
the stacking gel (4.5%T, 3.0%C) layered on top to a height of 3cm. The 
well-forming comb was inserted between the gel plates and the stacking gel 
allowed to polymerise.
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2.12. (ii) S am p le  P rep aration
A standard protein solution containing 5mg/m l horse heart cytochrome c 
(11.7 kDa), horse heart myoglobin (16.95kDa), horse liver alcohol dehyroge- 
nase (41kDa), and bovine serum albumin (6 8 kDa) were prepared to run as 
molecular weight markers alongside the sample proteins. An equal volume 
of boiling solution was mixed with the sample in an eppendorf vial.
Sample application, Gel electrophoresis and gel staining/destaining were 
performed as described in 2 . 1 1  ( ii) , ( ii i) , (iv ).
2 .13. Tannin P ro te in  A ssay
Following the addition of tannin reagent (A p p en d ix  F) to a protein 
solution, turbidity appears as a result of formation of tannic acid-protein 
complexes (Mejbaum-Katzenellenbogen and Drobryszycka, 1959). With 10- 
100/xg protein in solution, the relationship between absorbance at 500nm 
and the amount of protein is linear.
A series of dilutions of standard protein (bovine serum albumin, Sigma) 
of known concentration was prepared in 2 0 mM Tris-HCl buffer, pH8.0. 1 ml 
volumes were equilibrated at 30°C using a thermostatically controlled wa- 
terbath, for 30min. 1ml volumes of tannin reagent were added and in­
cubated for lOmin. Stabilisation of the reaction was achieved using gum 
acacia (0.2% w /v) and a calibration curve of absorbance at 500nm versus 
pg protein constructed. The assay was repeated using the protein samples 
of unknown concentration. The concentration of the protein stock solution 
was estimated from absorbance measurements at 500nm and interpolation 
of the calibration curve.
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2.14. M od ified  Low ry P ro te in  A ssay
The Lowry assay is a measure of the colour change of an alkaline copper 
reagent following the addition of a protein sample solution. The application 
of the Lowry procedure (Lowry et al., 1951) to samples containing mem­
branes can require extensive pretreatment of the sample for solubilisation 
before analysis. A modified procedure containing sodium dodecyl sulphate 
in the alkali reagent and an increase in the amount of copper tartrate reagent 
was used (Markwell et al., 1987).
lm l of solution B was added to 100ml of solution A, to give the alkaline 
copper sulphate solution C (see A p p en d ix  F  for an explanation of solu­
tions A, B & C). A volume of 3ml of solution C was added to lm l volumes 
of standard protein. After 15min at room temperature, 0.3ml of solution 
was added and left for 30min. A calibration curve was constructed of ab­
sorbance at 660nm versus fig of protein. The assay was repeated for samples 
of unknown concentration and the concentration of the protein stock solu­
tion was estimated from the absorbance at 660nm and interpolation of the 
calibration curve.
2.15. E lectrosp ray  M ass S p ectro m etry
Samples of 20/zl of both final concentrated, detergent-exchanged protein 
and isolated a//? apoproteins were added to 2 0 /d volumes of the carrier 
solvent (50:50:1 (v /v ) solution of methanol/water/acetic acid). A VG BioQ 
mass spectrometer with a quadrupole mass detector was used to identify 
the molecular weights of protein species which were present (SERC facil­
ity, University of Cambridge). The mass spectrometer was calibrated using 
myoglobin (Sigma) and the protein sample in the carrier solvent infused 
into the hollow electrospray needle (F igure 2 . 2 ) at a flow rate of 4/d/min.
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The mass spectrom eter was repetitively scanned at a rate of 3sec/scan and 
profile da ta  accumulated over 10 scans. The resulting m /z versus % relative 
abundance profile data was directly converted into mass versus % relative 
abundance profile using a deconvolution procedure which followed the algo- 
rithm ns of Mann et al. (1989).
E lee tro sp ray
H V
-cto-
MIIIMIter S h e a t h  
L i q u i d  S y r i n g e
B u b b le
r ~ r  - "to-
Trap
Figure 2.2. Schematic Diagram of the Sheath Flow Interface for Elec­
trospray Mass Ionisation Mass Spectrometry showing the Arrangement for 
Direct Infusion of Analyte Solutions (From Edmonds and Smith, 1990).
2.16. C rysta llisa tion  o f th e  B 8 0 0 -8 2 0  P eriph eral A n ten n a C om ­
plex  from  Rhodopseudomonas acidophila
2 .1 6 .(i) Sam ple P reparation
The B800-820 complex from cells of Rhodopseudomonas acidophila strain 
7750 was isolated and purified as detailed in sections 2 . 1  -  2.7. The com­
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plex was exchanged from LDAO into the detergent used for crystallisation. 
The absorption spectra of samples eluted from the column were recorded as 
were the purity indices. Samples with a purity index of 0.9-3.0 were used 
for crystallisation trials.
2.16. (ii) Crystallisation using the M ethod of Hanging Drop to 
achieve Vapour Phase Equilibration
This method of crystallisation relied upon the addition of a small am- 
phiphilic molecule (Michel et al., 1980, Garavito et al., 1980). Protein 
crystallisation was performed using the vapour diffusion method (MacPher- 
son, 1982). Disposable plastic culture plates (Corning) with 24 wells (16mm 
diameter), with a flat ground rim that permited airtight sealing by the ap­
plication of silicon grease around the circumference were used. Microscope 
coverslides (18mm diameter) were siliconised using dimethylchlorosilane so­
lution (Fisons). lm l of inorganic salt solutions (5-50% concentration) at 
pH 9.0 and 9.5 were added to the well. A microdroplet of 3/d containing 
protein with 1 % octyl glucoside in 2 0 mM Tris-HCl buffer and the small 
amphiphile benzamidine hydrochloride at 5% (w /v), was added to 3/d of 
the well solution or to 3/d of 2M di-potassium hydrogen orthophosphate 
in Tris-HCl buffer. This 6 /d droplet was suspended from the underside of 
a microscope coverslide(18mm diameter), which was placed over the well. 
Protein concentrations were in the range 4-8mg/ml with purity indexes of 
0.9-3.0 . These plates were incubated at temperatures of 6 , 10, 15 and 20°C. 
All trials were conducted in duplicate and monitored at weekly intervals 
until either crystal growth or protein denaturation occurred.
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2.16. (iii) Crystallisation using the M ethod of Sitting Drop to 
achieve Vapour Phase Equilibration
Two types of sitting drop apparatus were used: disposable plastic trays 
(Cryschem) and Petri dishes with a raised bridge containing a 20/d or 50/d 
depression. Protein crystallisation was performed using the vapour diffusion 
method (MacPherson, 1982).
A. Crystallisation using Cryschem Trays
Disposable plastic trays with 24 reservoirs (16mm diameter) each of lm l 
volume were used. Each reservoir contained a raised bridge with a 20/d 
depression. Different inorganic salt solutions(1.8-3.0M) at pH in the range 
8.5-10.0, were added to each reservoir. 450/d of protein sample was dis­
pensed into a lm l Eppendorf vial, containing the small amphiphile. 150/d 
of 4M di-potassium hydrogen orthophosphate was added. This gave a final 
concentration of 1M di-potassium hydrogen orthophosphate and amphiphile 
in the range 2.0-3.0% (v /v). The sample was mixed until the amphiphile 
dissolved. The pH of the protein preparation was then adjusted to pHs in 
the range 8.5-10.0 using a small volume of 1 M sodium hydroxide. The pro­
tein preparation was then centrifuged at 13000rpm for lOmin to pellet any 
denatured, unsolubilised material. 2 0 /d of this solution was then dispensed 
into each depression. These reservoirs were then individually sealed using 
microscope coverslides (18mm) or by drawing clear sealing tape over the 
top of the plastic tray. All trials were conducted in duplicate over a range 
of temperatures: 6 , 10, 15 and 20°C. The protein concentrations used were 
in the range 4-8m g/m l, with purity indexes of 0.9-3.0. All trials were con­
ducted in duplicate and monitored at weekly intervals until either crystal 
growth or protein denaturation occured.
51
B. Crystallisation using Petri Dishes
A 20/zl or a 50/d depression bridge was attached using acetone to a plas­
tic Petri dish. 8 ml of different inorganic salt solutions( 1 .8-3.OM) in the 
pH range 8.5-10.0 were added to each reservoir. The protein sample was 
dispensed into a lm l Eppendorf vial, containing the small amphiphile and 
4M di-potassium hydrogen orthophosphate was added. This procedure was 
used to give crystallisation trials with concentrations of di-potassium hy­
drogen orthophosphate in the range 0.8-1.2M and 2.5-3.0% (v/v) of small 
amphiphile. The sample was mixed until the amphiphile dissolved. The 
protein preparation was then adjusted to the required pH using a small vol­
ume of 1 M sodium hydroxide. The protein preparation was then centrifuged 
at 13000rpm for lOmin to pellet any denatured, unsolubilised material. 20/zl 
or 50/d of mother liquor was then dispensed into each depression and the 
lid air-sealed using plastic tape. All trials were conducted in duplicate over 
a range of temperatures: 6 , 10, 15 and 20°C. The protein concentrations 
used were in the range 4-8m g/m l, with purity indexes of 0.9-3.0. All trials 
were conducted in duplicate and monitored at weekly intervals until either 
crystal growth or protein denaturation occured.
2.17. Density Measurement using Aqueous Ficoll Solutions
A 60% (w/w) Ficoll solution (Sigma) was made by adding 75g of Ficoll 
to 50ml of distilled, deionised water at 50°C with gentle stirring by hand. 
The lumpy, white, viscous suspension was covered, kept warm (37°C)and 
allowed to stand overnight to yield a clear, slightly yellow solution, with 
a density of approximately 1.28g/ml (Westbrook, 1985). A 30% (w/w)
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Ficoll solution, with a density of approximately l.lg /m l, was made by mix­
ing equal volumes of water and 60% Ficoll solution. Density gradients were 
formed in 27ml polycarbonate centrifuge tubes (Dupont), using a peristaltic 
pump. Calibration droplets were aliquots of solutions made by mixing car­
bon tetrachloride (density 1.594g/ml) and toluene (density 0.8669g/ml) in 
ratios necessary to give the desired densities. The density gradients were 
then calibrated using 5/d droplets of these mixtures of organic solvents. Sin­
gle crystals were introduced into the gradients by capillary, and care was 
taken to transfer the minimum mother liquor volume. Equilibrium of the 
gradients was then reached via centrifugation at 10,000 rpm for 30min. The 
positions of the crystals and calibration droplets were then measured with 
a metric ruler to the nearest 0.5mm.
2.18. X -R a y  A n alysis  o f th e  B 800—820 P eriph eral L ight-
H arvestin g  A n ten n a  C om p lex
2.18 (i) T h e  S iem en s A rea D etec to r
A Siemens Area Detector mounted on a rotating anode source (5.4kW, 
0.3mm focus, Cu K  a=1.54A ), with a Siemens P3 four circle goniometer 
(F igure 2.3) was used to collect X-ray diifraction data. The system was 
controlled by a frame buffer processor (networked as a VAXstation periph­
eral), using the FRAMBO  (Frame Buffer Operation) program. The area 
detector was mounted on a sliding dovetail track permitting adjustment of 
the crystal to detector distance. The output signals of the detector were 
decoded by the Position Decoding Circuit (PDC) to create a digital position 
of each x-ray event measured by the detector. The frame buffer recieved 
data from the PDC and converted it into frame information. Each frame 
stored by the frame buffer comprised of all the X-ray events measured by the
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detector for a designated tim e period. D ata frames were then transferred to 
the second VAXstation via an Ethernet link. The program SA N TA  (SAXII 
Area- Detector Network Transfer Agent), accepted the frames generated by 
FRA M B 0  at the frame buffer.
To User supplied 
VAX Host
Figure 2.3. A Diagram of the Area Detector Set-up
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2.18 . (ii) In itia l S et-u p  o f  th e  A rea  D e tec to r  for D a ta  C o llection
The area detector was adjusted to the desired detector to crystal distance 
for data collection. A radioactive Fe55 source was used to collect a flood- 
field image, to be used for the background radiation correction. A machined 
fiducial brassplate with drilled holes at known positions was placed over the 
detector face and exposed to the Fe55 source. The centre of the X-ray beam 
with respect to the detector face was determined. The data frame from the 
brassplate was later used to construct a mapping of detector pixels into ac­
tual distances in cm. The set-up parameters for data collection are shown 
in T able 2 . 1 .
Crystal Form Crystal to 
Detector distance
Floodfield
Collection
Brassplate
Collection
Beam centre 
X, 511-Y
1 15cm 2700sec* 4860sec 255, 244
2 2 0 cm 5400sec* 9900sec 253, 243
# A further 300sec of Fe55 radiation was added to check that the flood- 
field image was free of lines and distortions
Table 2 . 1 . Set-up parameters prior to data collection
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2 .18 .  (iii) C rysta l M ounting
Protein crystals were mounted in thin-walled quartz capillaries ( 1 mm di­
ameter, Muller), as described by King (1954) and Holmes and Blow (1966). 
Excess mother liquor was carefully removed using thin strips of filter paper. 
A small volume of mother liquor was sealed into the end of the capillary 
using high vacuum wax and the remaining end also sealed with wax. An 
alternative mother liquor of di-potassium hydrogen orthophosphate (2M, 
pH 9.5) was used to compensate for the removal of mother liquor during 
crystal mounting. All crystals were mounted at 6 °C.
2 .18 .  ( iv ) X -R a y  D a ta  C ollection
The capillary containing the crystal was attached to the goniometer head 
and mounted on the 4-circle goniometer. The crystal was then optically cen­
tred. A general strategy for data collection has been outlined by Xuong et 
al. (1985). Data were collected by scanning around the (f> axis (F igure  
2 .4), with Xi 20 and co at 0°. An to scan was employed (20=0° and x —0°) 
to obtain data in the blind region close to the spindle axis. Data were col­
lected on two forms of tabular plate crystals as shown in T able 2 . 2 .
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O ii Axis
Phi Axis
O m ega Axis
2-Tbeta Axis
F ig u re  2.4. The 4-Circle Goniometer, showing the Rotation Axes.
Crystal Form Run Scan Type Frame Width Number of Frames Angular Range Time/Frame Detector Voltage
1 # 1 4 0.3° 1-69* 0-20.40° 300sec 50kV 80mA
# 2 4 0.25° 70-637 19.50-122.25* 300sec 50kV 80mA
# 3 U) -0.25° 1-40 25.00-17.00° 300sec 50kV 70mA
2 # 1 4 0.25° 1-436 0-108.75° 360sec 40kV 70mA
• Crystal slippage at Frame 69
T ab le  2 .2 . Summ ary of collected x-ray diffraction data
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2.18. (v) Data Processing
X-ray diffraction data were processed using the software packages XDS  
(Kabsch, 1988) and XENGEN  (Howard et al., 1987). Both of these pack­
ages automatically determine the unknown crystal orientation matrix using 
a similar auto-indexing procedure (Kabsch, 1988). This procedure uses a 
list of centroids of ’bright’ spots (’bright’ meaning one pixel N sigma greater 
than the background count, where N  \s user defined). These centroids are 
then sorted in order of increasing sinO. A set of difference scattering re­
ciprocal space vectors are then constructed from this centroid list. Low 
resolution difference vectors are used and the first three vectors which are 
noncoplanar, (with an angular orientation of greater than 45°), are selected 
and used as a reference set. The indices to these vectors must be properly 
assigned if the correct orientation of the unit cell is to be found. Trial hkl 
values for these three vectors are obtained. Each ordered triplet of trial 
hkl vectors constitutes a 3x3 matrix of indices for the reference difference 
vectors and from it a 3x3 unit cell matrix is obtained . The procedure then 
compares each unit cell matrix against the entered unit cell parameters to 
see if any of the lengths and angles fall outside the allowed range. If any 
given triplet of trial vectors passes the test, the remaining difference vec­
tors axe locally indexed with the resulting matrix and checked to see if the 
resulting indices are integers. The method of least-squares is then used to 
refine a better estimate of the parameters.
XDS  differs from XENGEN  in the method used for determining the in­
tegrated intensities of reflections. XDS  uses a pixel-labelling procedure as 
opposed to XENGEN  which collects pixel counts falling into shoeboxes cen­
tred on precalculated spot positions. XENGEN  divides the detector face 
into twelve regions and uses model profiles which were generated whilst
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compiling the list of centroids of bright spots. The intensity is then com­
puted as the scale factor between this normalised model profile and the 
observed profile. XDS  overcomes the difficulty in distinguishing between 
signal and background points within each reflection, by estimating the re­
flection intensity using a two-pass integration procedure. This procedure 
assumes strong and weak reflections have the same normalised profile (Di­
amond, 1969). The first pass is deemed the ’learning’ phase where the 
reference profiles axe learned as a function of the detector and spindle an­
gle. Nine detector positions are used (F igure 2.5).
F igure 2.5 . Positions of Reference Profiles on the Area Detector Face. The 
detector positions cover equal positions of the radius r0  of the detector face. 
The central position no. 1 covers the circle of radius rt= ro /3 .
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A box of 9x9x9 grid points (a/?7 ) is used for reflection profiles (the step 
sizes between points derived from the approximate values for beam diver­
gence and crystal mosaic spread, as specified by the user). The strongest 
reflections in the profile boxes are normalised and added to the nearest 
reference profile boxes, the contributions weighted according to distance. 
Each gridpoint within the average profile box is classified as signal if it is 
2% above that of the highest outputted peak. In the second pass intensities 
are estimated for each reflection, using the nearest reference profile. After 
profile fitting in both these programs the integrated intensities of each re­
flection are corrected for Lorentz, polarisation, absorption and crystal decay 
factors to yield the desired structural amplitudes.
Although X-ray diffraction data was processed using both XENGEN  
and XDS , XDS  was more successful in distinguishing between weak sig­
nals and background intensity. Consequently this data was used in subse­
quent calculations (see C hap ter 5). The CCP4 programs ROTAVATA and 
AGROVATA were used to calculate and apply scaling between batches of 
data.
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2 .18 . (v i)  P rogram s used in D a ta  P ro cessin g
The following programs were used as part of the CCP4 package : 
ROTAVATA- was written by J.M Smith and A.J Wonacott . ROTAVATA 
calculates scale factors and/or temperature factors between overlapping 
batches of data using the method of G.C Fox and K.C Holmes (Fox and 
Holmes, 1966).
AGROVATA- was written by J.M Smith and A.J Wonacott. It was used to 
apply scale factors calculated by ROTAVATA. This program adds together 
partially recorded reflections, monitors and rejects bad agreements between 
repeated measurements or symmetry equivalents and then averages them  
for output.
FFT- This crystallographic fast Fourier transform (FFT) was written by L.F 
Ten Eyck (1973) and was used to calculate the Patterson function (Patter­
son, 1934).
EXTEND- The program EXTEND  generates any part of a map from a 
map calculated using FFT  which typically only contains one asymmetric 
unit (Evans and Dodson, 1985).
POLARRFN- This is a fast rotation function which works in polar angles 
(F igure 2 .6 .), written by W. Kabsch. POLARRFN was used to search for 
local symmetry. The program produces sections of constant rotation angle 
X for different axis directions defined by tp and <f>. The direction cosines of 
the axis are given by :
sin u  cos <f> 
sin uj sin $ 
cos LJ
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F igure 2 .6 . Definition of Spherical Polar Angles. The direction of the 
rotation axis is defined by the angles ?/>, measured from the z  axis, and by 
the angle <f> measured in the x-y plane from the x axis. The rotation itself 
is given by the spin x  about the axis.
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CHAPTER 3. Characterisation of the B800-820 
Antenna Complex from Rhodopseudomonas  
acidophila 7750
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3.1. Introduction
In purple photosynthetic bacteria the components required for the "light 
reactions” are localised in and on the intracytoplasmic membranes (Rem- 
sen, 1983, Drews, 1985). The pigment-protein complexes which make up the 
photosynthetic unit (the light-harvesting complexes and photochemical re­
action centres) constitute the majority of the proteins in these membranes. 
Environmental stimuli such as light intensity and/or temperature can al­
ter the photosynthetic unit by determining the amount and type of light- 
harvesting antenna complex or complexes which is/are produced. Depend­
ing on the wild type strain, Rhodopseudomonas acidophila can synthesise 
several different types of light-harvesting antenna complex. It is therefore 
important to gain a detailed understanding of the differences in both struc­
ture and function of these different light-harvesting antenna complexes. A 
prerequisite for this understanding is a full and comprehensive characteri­
sation using different biochemical methods.
3.2. A Spectral Characterisation of 23°C and 30°C Grown 
Rhodopseudomonas acidophila strain 7750, and their Antenna Com­
plexes
The major light-absorbing pigments of Rhodopseudomonas acidophila 
strain 7750 are bacteriochlorophyll a (Pfennig, 1969) and carotenoids of 
the "normal spirolloxanthin series" (Schmidt, 1971) (see T able 3 .2 ), which 
are non-covalently bound to antenna apoproteins.
The spectral characteristics of the 7750 strain of Rhodopseudomonas aci­
dophila were investigated by Cogdell et a l  (1983a). They reported the 
isolation of a B800-850 antenna complex from cells grown under high light 
conditions, in addition to the core B880 complex. Brunisholz et a l  (1987)
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reported that when Rhodopseudomonas acidophila strain 7750 is cultured 
at a temperature of 23°C a B800-820 complex is synthesised. (Gardiner 
A.T., (1992), Personal Communication) has noted that production of the 
B800-820 complex is controlled by both low light intensity and low temper­
ature.
Near infrared absorption spectra of 23° C grown cells and 30° C grown 
cells are compaxed in F igure 3.1. The spectrum of 30°C grown cells indi­
cate the presence of B800-850 antenna and B880 core complexes. When the 
temperature is lowered to less than 24°C, absorption at 850nm is replaced 
by absorption at 820nm. On further lowering the temperature to less than 
18°C the absorption due to the B800-850 complex reappears as a shoulder 
at 850nm. This emphasises that production of these antenna complexes, in 
response to different environmental stimuli is very much a dynamic process, 
with constant optimisation of the cells light-harvesting ability.
Membranes of Rhodopseudomonas acidophila strain 7750 cells grown at 
23°C were prepared (see S ection  2.3) (F igure 3 .2 .(i)). B880 and B800- 
820 complexes were isolated by DEAE-cellulose anion exchange chromatog­
raphy and the B800-820 complex further purified by gel filtration. The 
B800-820 complex containing B880 core complex is eluted first from the 
anion exchange column. This mixture of complexes has a red/brown colour. 
When the B800-820 antenna complex is free of core complex it is deep red 
in colour.This is eluted next after addition of 150mM sodium chloride with 
0.1% LDAO in 20mM Tris-HCl, pH 8.0. As the elution volume increases 
there is also a gradual decrease in the purity index of the complex. As 
mentioned in S ection  2 .5 only fractions with a purity index of 2 or greater 
were retained for further purification. An absorption spectrum of the iso­
lated B800-820 antenna complex is shown in F igu re 3 .2 .( ii) . An elution
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profile from the anion exchange column is shown in F igure 3.3.
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Figure 3 .1 . A Comparison of the Absorption Spectra of Cells from Rps. 
acidophila strain 7750: (i) grown at 23°C and (ii) grown at 30°C.
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Figure 3.2. Absorption Spectra of: (i) Photosynthetic Membranes from 
Rps. acidophila, strain 7750, grown at 23°C and, (ii) their Isolated B800- 
820 Antenna Complexes.
Two points can be emphasised from the fractionation of these mem­
branes. Firstly the near infrared absorption of the whole cells can be ad­
equately accounted for in terms of the absorption spectra of the isolated 
complexes, and secondly the isolated B800-820 antenna complex retains its 
integrity during isolation and purification. Monomeric bacteriochlorophyll 
a in organic solvents absorbs maximally in the near infrared at approxi­
mately 772nm (Clayton, 1963), but in the B800-820 antenna complex its 
near infrared absorption bands are strongly red shifted. This red shift is
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fully reversed if the antenna complexes are denatured (F igure 3 .4). The 
position of the near infrared absorption bands is therefore a good indication 
of the correct pigment-protein interactions. The near infrared absorption 
maxima of the isolated complex is the same as that seen in the whole cells 
from which they were derived and thus it is clear that the isolated complex 
has retained its native structure.
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F igure 3 .3  Elution Profile from the First DEAE Anion Exchange Column 
(Purity Index vs. Elution volume).
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Figure 3 .4  Absorption Spectrum of the Denatured Antenna Complex with 
free bacteriochlorophyll a removed from the apoproteins (7T2nm)#, which 
has partially oxidised (680nm)*.
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3 .3 . Y ie ld  o f th e  B 8 0 0 -8 2 0  A n ten n a  C o m p lex  during Purification
A study of the yield of the antenna complex obtained during each stage 
of isolation and purification ( 2 .2 - 2 .7) was undertaken. The detergent used 
in the final exchange step was 1 % octyl-glucoside. The yield of antenna 
complex recovered at each stage was measured by calculating the ODy.
Absorbanceg2o nm 
O D y  Volume(ml)
The results are taken from 5 different 10 litre cultures of cells each grown 
at 23°C for 5  days. The absorption at 820nm and the volume obtained, 
detailed in (Table 3 .1 ), are average values taken from each preparation. 
The ODy increases as the purity of the complex increases (F igure 3 .5 ).
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□ Purification Stage AbSg2Onm Volume(ml) ODv
□ Harvested Cells 50.80 118 0.43
□ Solubilised Membranes 52.10 82 0.63
□ D EA E(l) Chromatography 22.97 100 0.23
a DEAE(2) Chromatography 85.30 15 5.69
□ Gel Filtration 66.50 15 4.43
□ Concentration/ 
Detergent exchange
81.00 8 10.13
Table 3.1. Yield of the A ntenna Complex. These values are averages 
of both the absorbance and volume taken at each stage of purification of 5 
different 10 litre cultures of cells.
11.0 
10,0
9. 0
8. 0
> 7'°
8  s.o
5. 0
4 . 0
3 .0
2.0  
1.0 
0,0
Figure 3 .5 . Bar Graph of ODv at each Stage of Purification. This illus­
trates the changes in ODv from initially harvesting Rps. acidophila strain 
7750 to finally obtaining pure, detergent-exchanged B800-820 antenna com-
1 . 0  2 , 0  3 . 0  4, 0  5.0  6. 0
P u r i f i c a t i o n  S t e p
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3 .4 . D eterm in a tio n  o f  th e  B acterioch lorop h yll a: C aroten oid  P h o ­
to sy n th e tic  P ig m en t R atio
The bacteriochlorophyll a: carotenoid ratio of the concentrated and 
detergent-exchanged B800-820 antenna complex was determined to comple­
ment studies on the polypeptide compositions presented in a later section 
of this chapter. The absorption spectrum of total pigment extracts of the 
B800-820 complex is shown in F igure 3.6. The concentration of bacteri­
ochlorophyll a in an acetone/methanol pigment extract can be determined 
using the absorption coefficient of 76mM“'1cm-1 , at 772nm (Clayton, 1966). 
The carotenoids from the B800-820 antenna complex from the 7750 strain of 
Rhodopseudomonas acidophila have already been identified (Evans, 1989).
% rhodopin 65.4
% lycopene 30.2
% rhodopin glucoside 3.1
% anhydrorhodovibrin <  1
% spirilloxanthin <  1
Table 3 .2 . Carotenoid Composition of the B800-820 Antenna Complex 
from Rhdopseudomonas acidophila strain 7750 (Evans, 1989).
Evans (1989) reported an average absorption coefficient for the total 
carotenoid of the B800-820 complex to be 134mM-1cm-1 . This value was 
used to calculate the concentration of carotenoid present. The ratios deter­
mined for the antenna complex preparations are shown in T able 3.3. These
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ratios give 2m arithmetic mean of 1.91 and a sample standard deviation of 
0.169. This data gives a bacteriochlorophyll a: carotenoid ratio of 2:1 and 
corroborates the result obtained by Evans using the simultaneous equation 
method.
1.72 1.73 1.74 1.75
1.77 1.78 1.79 1.83
1.83 1.84 1.85 1.85
1.87 1 . 8 8 1.89 1.89
1.90 1.90 1.90 1.91
1.91 1.91 1.94 1.99
2 . 1 1 2.29 2.31 2.38
Table 3 .3 . Ratios of Bacteriochlorophyll: Carotenoid for 24 Different Sam­
ples of Concentrated and Detergent-Exchanged (/5-octyl glucoside) B800- 
820 Antenna Complex. These results give an arithmetic mean of 1.91, with 
a sample standard deviation of 0.169.
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F igure 3 .6 . Absorption spectrum of total pigment extract of the B800-820 
complex from Rhodopseudomonas acidophila strain 7750
3.5 . C ircular D ich roism  S tu d ies
A molecule is optically active if it interacts differently with left- and right- 
handed circularly polarised light. The differential absorption of each beam 
is known as circular dichroism (CD). Very few chromophores are intrinsi­
cally optically active; those that are active include peptide and disulphide 
cystine bonds. Most optical activity of chromophores is induced by inter­
actions with asymmetrically placed neighbouring groups.
Although CD spectroscopy has been recognised for its utility and sim­
plicity for conformational studies, interpretation of the spectra is not trivial. 
The CD spectrum of each secondary conformation may be obtained on the 
basis of the CD spectrum either obtained from model polypeptides (Green­
field et al., 1969) or extracted from a set of spectra of proteins whose X-ray 
structural data are available. In one approach, the references axe the pure 
component spectra extracted from a set of CD spectra of proteins (fixed 
reference method) (Saxena et al., 1971, Bolotina et al., 1981). In the other 
approach a set of the CD spectra of proteins are used as references (variable 
reference methods) (Provencher et al., 1981). On the basis of the results of 
these investigations, the CD spectrum of the a  helix consists of a positive 
peak around 190 to 195nm (tt-tt* transition) and two negative peaks at 208 
(7r-7r* transition) and 222nm (n-7r* transition) (Greenfield et al., 1969). The 
CD spectrum of /? sheet has the tt-tt* transition around 195 to 2 0 0 nm and 
the n-7r* at about 215 to 2 2 0 nm (Greenfield et al., 1969), while the spec­
tra correlated with the ” random” conformation has a large negative band 
around 2 0 0 nm and a small positive peak or a shoulder with a small negative 
value at 2 2 0 nm (Greenfield et al., 1969). The most recent development 
in the deconvolution of circular dichroism spectra has been in the use of a 
Convex Constraint Analysis algorithm (Perczel et al., 1991). This has been
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used in the analysis of several membrane proteins, differentiating between 
the estimated amount of transmembrane and peripheral helices (Park et al., 
1992).
Measurements were carried out in the ultraviolet (190-260nm) and in­
frared (400-950nm) regions, allowing investigation of both the polypeptide 
conformation and the structural arrangement of the chromophores in each 
different detergent-exchanged B800-820 antenna complex.
The spectra of the ultraviolet region (190-260nm) is shown in F igure  
3.7. The dominating feature of the spectra is that of a  helix with a positive 
peak at 190-195nm and negative peaks at 208 and 222nm. These spectra 
are similar in shape to those obtained for the B800-850 antenna complex 
from Rhodobacter sphaeroides (Breton et al., 1984) and also the B800-850 
antenna complex from the 10050 strain of Rhodopseudomonas acidophila 
(Park et al., 1992).
The relative amounts of a  helix, (3 sheet and random structure were es­
timated using the procedure of Provencher & Glockner (1981), with fitting 
based on eleven polypeptides of known secondary structure. The results 
of these secondary structure estimations axe shown in T able 3.4. The 
estimated amount of a  helix in each different detergent exchanged sam­
ple of antenna complex was 40-56%. The results agree well with those 
recorded by Breton et al. (1984) for the B800-850 antenna complex from 
Rhodobacter sphaeroides (46% a  helix, 12% /? sheet and 42% ” others”), 
but are slightly lower than those reported for the B800-850 complex from 
Rhodopseudomonas acidophila strain 10050 by Park et al. (1992) using the 
Convex Constraint Analysis Method (65% a  helix). However they still cor­
roborate secondary structure predictions of a central a-helical stretch of 
20-23 amino acid residues spanning the membrane based on primary struc­
ture data (Bissig, 1990).
There axe several factors whose contributions can only be estimated semi- 
quantitatively. The basis set used in the fitting procedure of the CD spec­
trum does not include any membrane proteins, as there are still not enough 
structural data on membrane proteins. A second uncertainty concerns the 
relative magnitudes of the CD bands related to the chromophores and those 
of the peptides in the far UV region. Cogdell et al. (1985) reported that 
the contribution of the chromophores to the CD spectrum below 230nm was 
relatively minor.
Despite these limitations which restrict its exactness, this analysis clearly 
demonstrates that exchanging the antenna complex into different detergents 
had little effect on the conformation of its polypeptides.
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F ig u re  3.7 . U ltra Violet CD Spectra of the B800-820 Antenna complex 
Exchanged into Different Detergents (W avelength Scan Range 190-260nm), 
(See S ec tio n  4 .2 . for Abbreviations of Detergents).
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Detergent a-helix /7-sheet remainder
Nonyl Glucoside 49±1.20% 6±1.40% 44±2.30%
CHAPS 45±0.97% 24±1.10% 31±1.80%
MEGA8 53±0.74% 9±1.10% 38±1.30%
/? Octyl Glucoside 56±1.20% 0±1.80% 44±2.20%
NDA 40±0.94% 24±1.10% 36±1.80%
CHAPSO 41±1.40% 4±1.6% 55±2.60%
Table 3 .4 . Estimated secondary structure of the B800-820 Antenna Com­
plex after Exchange into Different Detergents (Calculated using the method 
of Provencher et al., 1981). (See S ection  4 .2 . for Abbreviations of Deter­
gents).
The CD spectra of the wavelength range 400-950nm are presented in 
Figure 3.8. By comparison with the absorption spectrum of the antenna 
complex, bands in the near infrared can be seen which are attributable to 
bacteriochlorophyll a. Bacteriochlorophylls are themselves asymmetrical, 
but the CD spectra of the antenna complex differs from that of bacteri­
ochlorophyll a in organic solvent (Sauer et al., 1978). The reasons for this 
change in the CD spectra must be due to either the environment in which 
the bacteriochlorophyll a is situated or interactions between bacterio chloro­
phylls or a combination of both factors. The CD spectra of the B800-820 
antenna complex in the near infrared region (at 820nm corresponding to the 
bacteriochlorophyll a Qy band) is similar in shape to that of the B800-820 
antenna complex from Rhodopseudomonas acidophila strain 7050 (Cogdell 
et al., 1985). The CD spectrum of the B800-820 complex from the 7050
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strain was rationalised by assuming that there were two overlapping and 
intense exciton couplets centred in the two absorption bands. The spectra 
differ in the size of the bacteriochlorophyll Qx band, with that of the B800- 
820 antenna complex resembling the Qx of the B800-850 antenna complex 
from the 7750 strain of Rhodopseudomonas acidophila.
CD signals arising from the carotenoid absorption bands in the 500- 
560nm region also show strong optical activity with positive signals. Cogdell 
et al. (1976) have shown that carotenoids in petroleum ether show no CD 
spectrum. This induced CD possibly arises from binding of the carotenoid 
to the protein or via exciton coupling with other pigments. The CD 
spectra of the B800-820 antenna complex exchanged into different deter­
gents are again similar showing that exchanging detergent had no effect on 
the environment of the pigments.
80
:oooo.
  (3 0 G
   CHAPSO
Vr.GAB
•CHaPS
90G
- 1 0 0 0 0 . 9 5 0 . 04 0 0 . 0 W a v e l e n g t h  (nm)
co
auOtnX>
<
900400
W aveleng th (nm )
Figure 3 .8  (i)N ear Infrared CD Spectrum  of the B800-820 Antenna Com­
plex after Exchange into Different Detergents (Wavelength Scan Range 400- 
950nm). (ii)A n absorption spectrum  of the antenna complex in (3 octyl 
glucoside is shown for comparison.
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3.6 . A n a ly sis  o f  Low M olecu lar W eight A p op rotein s
Most antenna complexes so far studied have been shown to be composed 
of two types of antenna apoprotein, the a- and /?- apoprotein (Zuber et al., 
1991). Some species, such as Rhodopseudomonas acidophila or Rhodopseu- 
domonas palustris, can synthesise antenna complexes which contain more 
than single a , /? types. This is the case in the B800-820 antenna com­
plex from Rhodopseudomonas acidophila strain 7750. Three low molecular 
weight apoproteins designated a 1? /?i, and / ? 2  have been sequenced (Bissig, 
1990). The molecular weights of these are 5567, 4721 and 4520 Da respec­
tively.
Tricine SDS polyacrylamide gel electrophoresis was used to examine the 
apoprotein composition because it allows resolution of small proteins in the 
molecular weight range 5000-20000 Da. Proteins with a molecular weight 
of greater than 30,000 Da are retained within the spacer gel. A calibration 
curve of protein mobility vs. In molecular weight is presented in F igu re 3 .9 . 
A photograph of a tricine-SDS polyacrylamide gel of the denatured antenna 
complex in 1 % /? octyl-glucoside is shown in F igure 3.10. Two distinct 
sets of two bands corresponding to a  and /? apoproteins are observed in 
track 5. The first set of two bands have an M^pp of 6600 Da and 6300 Da, 
while the second set have an Mapp  of 3350 and 2550 Da. Comparison of the 
B800-820 complex with the B800-850 complex from strain 10050 (Tracks 
6,7), demonstrates the differences in polypeptide composition. Two apopro­
teins from the B800-850 antenna complex have been sequenced (Zuber et 
aln 1991). During electrophoresis a green coloured band due to denatured 
pigment ran ahead of the dye front. This is observed as a faint band in sev­
eral of the tracks with an apparent molecular weight lower than the smallest 
marker.
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Differences in the true molecular weight (Mr ) deduced from the amino 
acid sequences and apparent molecular weights obtained from SDS-PAGE 
(M App ) have been reported for many different species of purple pho- 
to trophic bacteria (Zuber et a/., 1991). This makes it impossible to  state 
which is the aq, /?1} or /?2 apoprotein obtained from sequence analysis for 
the JB800-820 antenna complex or the a i or for the B800-850 antenna 
complex. The polypeptide composition of the B800-820 antenna complex 
has also been examined using reverse phase HPLC and has oq, a 2, and 
(32 polypeptides present (Zuber H., (1992), personal communication).
usc 9 .1 0 -
7 .00
8060 7040 5030
D i s t a n c e  t r a v e l l e d  ( m m )
F ig u re  3.9. A Calibration Curve of lnM r vs. Distance travelled by the 
M arker Proteins.
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F ig u re  3.10. Tricine-SDS Polyacrylam ide Gel of the  B800-820 Antenna 
Complex. Tracks 1, 8 -m arker proteins. Tracks 2, 4-B800-820 complex 
prior to gel filtration chromatography. Tracks 3, 5-purified B800-820 com­
plex. Tracks 6, 7-B800-850 antenna complex from Rps. acidophila strain 
10050. A description of the low molecular weight markers is detailed in 
A p p e n d ix  D.
3 .7 . Iso la tion  o f  a — and /7 -A p op rotein s u sing  th e  S ep h ad ex  L H 60  
G el F iltra tio n  C olum n.
A trace from the monitored eluate from the Sephadex LH60 column is 
presented in F igure 3 .11.
Pigment
Antenna Apoproteins
Elution Volume
F igure 3 .11 . Elution Profile of an Organic Solvent Extract of B800-820 
Antenna Complex, Separated on a Sephadex LH60 gel permeation column.
3 .8  E lectrosp ray  M ass S p ec tro m etry
3 .8  (i) In trod u ction
Electrospray mass spectrometry is a new and highly sensitive technique 
for the determination of the molecular weight of proteins. Electrospray ion­
isation occurs when highly charged droplets shrink in a large electrostatic 
field, which leads to the production of molecular ions from a liquid solution. 
These positive ions arise by attachment of protons, alkali cations or ammo­
nium ions (Iribarne and Thompson, 1976).
Electrospray ionisation was originally described by Dole et al. in 1968, in 
studies of the intact ions from synthetic and natural polymers of molecular 
mass in excess of 100,000 Da based on gaseous ion mobility measurements.
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The multiple protonation of basic residues in oligopeptides and proteins 
enabled this technique to be used, in conjunction with a quadrupole mass 
spectrometer, for an analysis range of molecular masses up to 40,000 Da 
(Loo et a/., 1989). This range has subsequently been extended to masses of 
130000 Da and permits the measurement of relative mass in the range of 5 
to 40 kDa with a precision of better than 0.01% (Mann et al., 1989).
3 .8  (ii) . R esu lts  o f E lectrospray M ass S p ectro m etry
The deconvoluted mass spectra of different samples of concentrated 
and detergent-exchanged B800-820 antenna complex are compared in F ig ­
ure 3.12 (i), F igure 3.12 (ii) and F igure 3.12 (iii). Examination of 
these spectra shows two distinct sets of peaks corresponding to a — and /7— 
apoproteins. The most prominent peak, consistent in all three spectra, has 
a molecular mass of 5906 ±0.59 Da. This molecular weight is greater than 
that of any reported from primary structure analysis (using automated se­
quential Edman degradation, ai~  5567 Da, /7i~ 4721 Da and /72-  4520 Da) 
and may possibly correspond to the o^-apoprotein which has not yet been 
sequenced. Of the remaining peaks, the peak at 4861 ±0.49 Da also ap­
pears consistently in all three samples. This molecular mass is different to 
that reported for any of the apoproteins, but corresponds most closely to 
molecular mass of the /7-apoproteins.
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F ig u re  3 .12 . (i) , (ii) &; (iii) Electrospray Ionisation Spectra of Differ­
ent Samples of Antenna Complex.
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So far only a relatively small number of proteins have been analysed using 
electrospray ionisation mass spectrometry. In general these have been ex­
ploratory experiments where the protein is relatively pure and quite soluble 
in convient electrospray ionisation solvent systems (Jardine, 1990). There 
have been no documented examples of experiments using membrane pro­
teins.
Sodium chloride (350mM) was used to elute the antenna complex from 
the small column in the final concentration and detergent exchange step 
(see S ection  2.7). It has been reported that salts may well interfere with 
the analysis (Jardine, 1990). The Sephadex LH60 column was used as a fur­
ther purification step to isolate the polypeptides into a -  and /^-apoproteins. 
The solvent system was changed from dichloromethane/methanol to formic 
acid/methanol because the electrospray method requires the use of polar 
solvents. Although sodium chloride is removed during this further purifica­
tion step, it is necessary to add ammonium acetate to prevent aggregation 
of these membrane apoproteins. The minimum amount of ammonium ac­
etate required to prevent aggregation was determined to be 50mM and this 
was added to the sample in the formic acid/methanol solution. The protein 
sample in this solvent system precipitated out of solution during injection.
Due to time constraints this approach had to be abandoned. This method 
merits a further thorough investigation by optimising different solvent sys­
tems to overcome the problem of precipitation.
3 .9 . D eterm in a tio n  o f  th e  M olecu lar  W eight o f  th e  A n ten n a  C om ­
p lex  using  SD S -P A G E
Electrophoresis of the isolated and undenatured antenna complex on a 
polyacrylamide gel showed that the coloured pigments co-migrate with pro­
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tein as a purple band. Analysis of the absorption spectrum (wavelength 
range 250-900nm) of the pigments band after electrophoresis showed no 
change compared with the native absorption spectrum of the antenna com­
plex.
An SDS polyacrylamide gel of the isolated and undenatured antenna com­
plex is shown in F igure 3 .13  (i). This has a molecular weight greater than 
that of the largest molecular weight marker (BSA 6 8 kDa), which means the 
intact complex must be an aggregate of the low molecular weight apopro­
teins and pigments. An estimate of the M r of the intact complex was ob­
tained from the calibration curve of protein mobility vs. molecular weight 
is presented in F igure 3 .13  (ii) . This calibration curve was constructed 
using known molecular weight markers. Electrophoresis was then repeated 
using different gel concentrations (15%, 17% and 18%T)and confirmed the 
apparent M r as 92kDa. This M r is in the range of molecular weights re­
ported for other intact antenna complexes (80-100kDa) (Cogdell et a/., 1983, 
Zuber, 1985).
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F ig u re  3 .13 . (i) SDS polyacrylamide gel (13.5%T) showing the isolated 
and undenatured B800-820 antenna complex. Lanes 1,5: markers, lanes 
2,3,4: antenna complex, (ii) A Calibration Curve of lnM r vs. distance 
travelled by the Marker Proteins.
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3.10. Sum m ary
The isolated B800-820 antenna complex from Rhodopseudomonas aci­
dophila displays the same absorption maxima as the whole cells from which 
they are derived. This is a clear indicator that the native structure has been 
retained during isolation and purification. Secondary structure analysis 
of the native antenna complex by ultraviolet circular dichroism confirmed 
the presence of a  helix which has been suggested from sequencing (Brun- 
isholz et a/., 1989). Infrared circular dichroism spectroscopy shows that the 
carotenoid pigments in the antenna complex are influenced by their envi­
ronment and show strong, induced optical activity. The bacteriochlorophyll 
a pigments show a strong Qy absorption in the near infrared region and a 
different spectra to that found for bacteriochlorophyll in organic solvent. 
This may be due the environment in which the bacteriochlorophylls are sit­
uated or interactions between them (exciton coupling). Both ultra violet 
and infra red CD spectra demonstrate that exchanging the antenna complex 
into different detergents has no effect on conformation.
The B800-820 antenna complex from Rhodopseudomonas acidophila 
is formed from the aggregation of four low molecular weight, pigment- 
binding apoproteins (B800-820ai, B800-820a2, B800-820/?i and B800- 
820&). These have Ma p p  of 2550, 3350, 6300 and 6500 Da determined 
by tricine SDS polyacrylamide gel electrophoresis. Electrospray ionisation 
mass spectrometry showed distinct sets of peaks corresponding to a -  and 
/3-apoproteins. The largest peak may be consistent with the unsequenced 
<xi apoprotein. Reverse phase HPLC confirmed the presence of two sets of 
closely related a  and (3 apoproteins. The stoichiometric ratio of bacteri­
ochlorophyll a: carotenoids in the detergent-exchanged antenna complex is 
2 :1 . The molecular weight of the isolated antenna complex was determined
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by SDS polyacrylamide gel electrophoresis to be approximately 92kDa. This 
is in the range of molecular weights reported for native antenna complexes 
and similar to that reported for the B800-850 antenna complex from the 
10050 strain of Rhodopseudomonas acidophila. The smallest possible struc­
tural unit is an cuatiPi (32 which binds six bacteriochlorophyll a molecules 
and three carotenoid molecules (Evans, 1989). The smallest oligomeric as­
sembly, consistent with the molecular weight of 92kDa is a trimer of this 
smallest possible structural unit.
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CHAPTER 4. Crystallisation of the B800-820 
Antenna Complex from Rhodopseudomonas  
acidophila 7750
4.1. Introduction
In order to understand how the process of light capture occurs in pur­
ple photosynthetic bacteria at a molecular level, it is necessary to obtain 
the three-dimensional structure of a light-harvesting antenna complex. To 
determine a protein structure to atomic resolution, the technique of X-ray 
diffraction is used. The first step in such a structural analysis is the forma­
tion of single, well-ordered protein crystals. These must be large (between 
0.3-1.0mm in all dimensions), because the intensity of the x-ray diffraction 
pattern of a crystal is roughly proportional to the volume of the crystal 
and inversely proportional to the volume of the crystallographic unit cell 
volume (Blundell & Johnson, 1976). Crystallisation is usually accomplished 
by a trial and error approach that is guided by a large body of empirically 
determined procedures and conditions (MacPherson, 1982). Although a sys­
tematic approach to investigate the mechanisms of crystallisaton of water 
soluble proteins has been developed (Feher et a/., 1985), these investigations 
have so far not been extended to membrane proteins. The principles and 
methods for crystallising water soluble proteins will be discussed, followed 
by a discussion of the problems which arise in membrane protein crystalli­
sation due to the amphiphilic nature of these proteins.
The change in state between the solute and the solid during the forma­
tion of a crystal is an equilibrium process. This is not spontaneous because 
a fully solvated molecule lies at a potential energy minimum. For the for­
mation of solid from a saturated solution there has to be a change in this 
state of equilibrium. These changes must be initiated and maintained by 
gradually altering the characteristics of the concentrated protein solution, 
so that the protein becomes less soluble. When the solution has more so­
lute present than the solubility allows, it is said to be ” supersaturated”.
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Supersaturation can be divided into labile and metastable regions. Crystal 
nuclei spontaneously form and dissolve in the labile region. Some of these 
nuclei continue to develop and become "stable” nuclei as long as the system  
is supersaturated. They will accumulate molecules and thus deplete the 
liquid phase until the system returns to the metastable region of supersat­
uration. The metastable region differs from the labile region in that it can 
only support growth of the stable crystal nuclei, it cannot spontaneously 
form nuclei. Crystal growth occurs much more slowly in the metastable 
region, so the best strategy is to quickly return to the metastable region for 
slow and controlled growth of a few large nuclei.
The process of crystallisation occurs because the crystalline state repre­
sents a minimum potential energy of the system. Sometimes, however, dis­
ordered aggregates or precipitates are formed. These represent false energy 
minima and are not the state of lowest free energy. Amorphous precipitate is 
formed when supersaturation has proceeded too extensively or too rapidly. 
The condition of limited supersaturation necessary for crystallisation, may 
be achieved by modifying some physical property such as pH or tempera­
ture, or through equilibration with precipitating agents. The precipitating 
agent may be a salt such as ammonium sulphate, a highly soluble synthetic 
polymer such as polyethylene glycol or an organic solvent such as ethanol. 
The first two are most commonly used in the crystallisation of proteins.
Precipitation using salt or "salting out" as it is known, is due to sol­
vation of salt by water molecules in preference to solvation of the protein 
(Green et a/., 1955). By slowly increasing the level of saturation of a salt, 
the protein can be induced to separate from solution and enter the solid 
state. Polymers such as polyethylene glycol serve to dehydrate proteins in 
solutions and alter the solvents dielectric constant. Polyethylene glycol also
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perturbs the natural structure of the the solvent and creates a complex net­
work having both water and itself as structural elements. A consequence of 
the solvent restructuring is that macromolecules, particularly proteins tend 
to be excluded and phase separation is promoted (Lee et a/., 1981, Hermans, 
1982).
Vapour diffusion is one of the most widely used techniques to achieve 
supersaturation. One method which allows control of crystallisation pa­
rameters is that of the ”sitting drop”. The starting material is pipetted 
into a well on a depression slide which is suspended above a reservoir of 
solution containing the precipitant. The crystallisation apparatus is then 
sealed to provide an isolated environment. Through the vapour phase the 
concentration of the precipitant in the reservoir equilibrates with that in the 
sample. The droplet of mother liquor must contain a level of precipitant 
lower than the reservoir and equilibration proceeds by distillation of water 
out of the drop and into the reservoir. As the concentration of salt in the 
sample gradually increases protein precipitation is induced.
The ” hanging drop” method also uses vapour phase equilibration, but 
with a microdroplet of mother liquor suspended from the underside of a 
microscope coverslip. This is then placed over a small well containing 1ml 
of the precipitating solution.
While the principles of equilibration with both sitting and hanging drop 
are essentially the same, they frequently do not give the same results even 
though the protein and reservoir solutions in both methods are identical. 
The path taken to equilibrium is presumably different in the two cases even 
though the end point is the same (Mikol et al., 1989, Mikol et al., 1990).
The problem with crystallising integral membrane proteins is that they 
are amphipathic. This means that they require the use of detergents to pre­
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vent their non-specific aggregation in aqueous media (Tanford et al., 1976). 
Detergents are lipids which contain polar and non-polar regions (Helenius 
et al., 1975). When detergents are present above a certain concentration 
(critical micellar concentration) they form micelles. During detergent solu­
bilisation, the membrane proteins hydrophobic region is incorporated into 
the detergent micelle where it is shielded from aqueous media. These mi­
celles axe known as protein-detergent complexes (PDC). It is these PDC 
which axe the basis for crystallisation. However when these mixed micelles 
come into contact with high concentrations of precipitants, a phase sep­
aration is induced and the detergent comes out of solution. This results 
in a detergent-rich and an aqueous detergent-poor phase. The hydropho­
bic membrane protein moves into the detergent-rich region where, in the 
case of the antenna complex, it becomes denatured. This process occurs 
at salt concentrations well below that required to cause true precipitation. 
By addition of a small amphiphilic compound to the mixed micelle, phase 
sepaxation occurs at a higher salt concentration. Thus this shift in the 
phase sepaxation boundaxy allows crystallisation to take place. These small 
amphiphilic compounds axe also thought to have an effect on the radius 
of the PDC and might replace detergent molecules at positions critical for 
the formation of the crystal lattice (Michel, 1983). The shape of detergent 
molecules axe important for the packing of the proteins into ordered crys­
tals. Protein crystals are mainly stabilised by polar interactions so if the 
detergent molecules axe too laxge they will obscure the polar regions of the 
protein and impede crystal formation. The type of protein detergent pack­
ing thought to occur in three-dimensional crystals is shown in Figure 4.1.
I<j> detergents 
Y lipids
Figure 4 .1 . Left: Diagram depicting proposed arrangements of detergent- 
solvated membrane proteins. The hydrophobic tails of the detergents asso­
ciate with membrane spanning hydrophobic regions of the proteins.
Right: Proposed packing of protein-detergent micelles during crystal for­
mation. (From Michel, 1983).
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The production of well-ordered three-dimensional membrane protein 
crystals has only recently been achieved. Crystals which diffract X- 
rays to high resolution have been obtained for matrix porin of Escheria 
coli (Garavito et a l 1983) and for the photosynthetic reaction centres 
from Rhodopseudomonas viridis (Michel et a l 1986) and Rhodobacter 
sphaeroides (Allen et al., 1987a,b).
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4 .2 . D e term in a tio n  o f  th e  S ta b ility  R ange o f  th e  A n ten n a  C om ­
p lex
Before crystallisation trials were carried out, the stability of the antenna 
complex was determined with respect to changes in pH, temperature, de­
tergent and small amphiphile. The electronic absorption spectra in the 
wavelength range 250-900nm was used to monitor the integrity of the com­
plex during stability tests. When the pigments are correctly bound to their 
antenna apoproteins their absorption spectra are red-shifted with respect 
to their spectra in organic solvents. Denaturation reverses this red-shift.
The most important parameters were found to be temperature and pH. 
An increase in the absorbance at 680nm was noted when the antenna com­
plex was subjected to temperatures of 25°C for 24hr. This was due to the 
presence of oxidised bacteriochlorophyll indicating the antenna complex had 
begun to denature. It was found that long term stability of the antenna com­
plex required the pH to be greater than 8.5. The effect of exchanging the 
antenna complex into different detergents was also monitored by examina­
tion of the absorption spectra. When the detergent lauryl dimethyl N-amine 
oxide (LDAO), used during the purification process, was exchanged for any 
of the nonionic alkyl glucoside detergents (lauryl maltoside, heptyl thioglu- 
coside, heptyl, octyl or nonyl glucoside), a change in the relative heights 
of the two bacteriochlorophyll Qy bands at 800 and 820nm occurred. This 
effect occurred to the same extent on exchanging the complex into any of 
these detergents. The wavelength of absorption remained unchanged and 
gel electrophoresis showed no evidence of denaturation. It was possible to 
reverse this effect by exchanging the complex back into LDAO. The absorp­
tion spectra of the antenna complex in 1 % LDAO and 1 % /? octyl glucoside 
are shown in F igu re 4.2.
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F igure 4 .2 . Absorption spectra illustrating the change in the relative 
heights of absorbance of the two bacteriochlorophyll Qy bands at 800 and 
820nm after detergent exchange into /3 octyl-glucoside. Samples of the pro­
tein in the two detergents are present in different dilutions hence the overall 
difference in absorption height.
There was no change in the near-infra spectra when the complex 
was exchanged into MEGA8  (octanoyl-N-methylglucamide) or the zwit- 
terionic detergents CHAPS (3 -[(3 -cholamidopropyl)dimethylammonio]-l- 
propane-sulfonate), CHAPSO (3 -[(3 -cholamidopropyl)dimethylammonio]- 
2-hydroxy-l-propane-sulfonate) and NDA (N-dodecyl-N,N-dimethyl-3- 
ammonio-l-propane-sulfonate). The small amphiphiles heptane-1, 2, 3-triol, 
piperidine 2 -carboxylic acid and benzamidine hydrochloride were added to
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the antenna complex at 2.5% (w /v) concentration, without causing any de­
naturation. It has been reported that organic solvents have successfully 
been used as small amphiphiles (Garavito et a/., 1986). Addition of either 
5% methanol or ethanol caused denaturation of the antenna complex with 
the appearance of green denatured bacteriochlorophyll. This precluded the 
use of these organic solvents in later crystallisation trials.
4.3. Preliminary Crystallisation Trials
Once the conditions under which the protein was stable had been de­
termined, the next step was to begin crystallisation trials. Because of the 
intricacy of the interactions between solute and solvent, these trials must 
be applied over a broad set of conditions with the objective of discovering 
the particular minima which yield crystals.
A wide range of conditions were varied in sitting drop trials, initially 
using the larger sandwich boxes. These were very time consuming to set 
up and also required a large amount of space for incubator storage. Similar 
results were achieved using Cryschem disposable trays, with a reduction in 
both set-up time and space needed for storage.
4.3. (i) Crystallisation Trials using Sitting Drop
The first parameter to be determined was the precipitation point of the 
antenna complex using the salt di-potassium hydrogen orthophosphate and 
the organic polymer PEG 6000. It was found that addition of the small 
amphiphile benzamidine hydrochloride, (2.5% (w /v)), raised the concentra­
tion of salt required to precipitate the protein from 1 M to 2 .6 M at 20° C. 
A similar increase in the concentration of PEG was also required (10% to 
22.2%). Initial trials were set up using the same salt in the drop at 1M 
concentration, and the reservoir over a greater range of concentrations ( 1 .8 - 
3.0M). The salts used were ammonium sulphate, di-potassium hydrogen
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orthophosphate, sodium sulphate, sodium citrate and magnesium sulphate. 
The reservoir pH ranged from 8.5-10.0. In all cases the small amphiphile 
benzamidine hydrochloride was present in the drop at 2.5% concentration. 
The pH of the drop was adjusted to that of the reservoir unless ammonium  
sulphate was used in the reservoir. There was no need to alter the drop of 
the pH in this case because its pH is changed to that of the reservoir due 
to equlibration of free ammonia (Mikol, 1989). Trials were also setup using 
PEG 6000 at 1 0 % concentration in the drop over a range of concentrations 
of PEG 6000 in the reservoir (15-100%). The results of successful trials 
using salt as the precipitant axe shown in T able 4.1.
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pH8.5* pH9.0* Reservoir pH
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p # X*
p* X*
p # X*
p* X “
p* X*
IU X* p* X* 3.0M
X  -  Crystal formation 
P  -  Precipitate
D rop
Protein concn -  4mg/ml (Purity Index 3.0) in 20mM Tris-HCl, pH8.0 
Detergent -  1% octyl-glucoside
Precipitant -  1M di-potassium hydrogen orthophosphate 
Amphiphile -  2.5% (w/v) benzamidine hydrochloride 
R eservoir
Precipitant -  ammonium sulphate, pH8.5*, pH9.0^
Incu b ation  T em perature
15°C
Table 4 .1 . Sitting Drop Trial Illustrating the Influence of Reservoir pH 
on Crystallisation (Sandwich Box).
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Crystal formation was only found in the boxes containing di-potassium 
hydrogen orthophosphate in the drop concentrated against ammonium sul­
phate in the reservoir at pHs 9.0 and 9.5. Precipitation of the protein 
occurred in all trials on either side of these values. Crystallisation resulted 
in a change in the colour of the m other liquor from daxk red to clear. The 
crystal habit and speed of crystallisation varied depending on the concentra­
tion of ammonium sulphate used. Needle shaped crystals were observed at 
3.0M ammonium sulphate, changing to rod shaped crystals at 2.6M ammo­
nium sulphate and finally to tabular plates at 2.0-2.4M ammonium sulphate 
(F igure 4.3).
' ' '
v; =£
F ig u re  4 .3 . Small Tabular P late Crystals grown using a Reservoir Con­
centration of 2.4M ammonium sulphate, pH 9.0.
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Needle shaped crystals grew in 17 days whilst the rod shaped crystals 
took 25 days. Formation of small diamond shaped tabular plates took be­
tween 45-80 days, with decreasing salt concentration. These small tabular 
plates diffracted X-rays to 10A resolution. The use of PEG 6000 resulted in 
complete phase separation in all trials, even in the presence of benzamidine 
hydrochloride (F igure 4.4 .).
F igure 4.4 . Phase Separation into Detergent Rich and Poor Regions using 
10% PEG 6000 in the Drop Concentrated against 25% PEG 6000 in the 
Reservoir. This was followed by the appearance of green bacteriochloro- 
phyll.
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After obtaining crystals using (3 octyl-glucoside, the next step was to 
assess the effect of changing detergent. A range of trials were setup using 
each of the detergents in which the complex was stable. Each detergent 
was present at 1% (w/v) concentration, with 1M di-potassium hydrogen or­
thophosphate in the drop and a range of concentrations of ammonium sul­
phate in the reservoir (1.8-3.0M). In conjunction with the small amphiphile 
benzamidine hydrochloride it proved possible to obtain small crystals in all 
detergents used except two.
Phase separation into a detergent rich and detergent poor aqueous phase 
occured in all trials using the detergents CHAPS (F igure 4 .5 .) and 
CHAPSO. When the antenna complex entered the detergent rich phase 
it quickly became denatured over a period of 2hr.
Figure 4 .5 . A ttem pted Crystallisation with the Antenna Complex in 1% 
CHAPS. This Photograph shows the resulting Phase Separation with De- 
naturation of the Purple Antenna Complex as it enters the Detergent Rich 
Micelles.
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Trials were conducted using the detergent MEGA-8 (Table 4.2). A reser­
voir concentration of 2.2M ammonium sulphate gave small bar shaped crys­
tals of the complex after 3 weeks (F igure 4.6). Deterioration of these 
crystals occured approximately 1 week after the m other liquor turned clear. 
This was due to a partial phase separation of the detergent from the aqueous 
phase (F igure 4.7).
Figure 4.6 . Small Bar Shaped Crystals of the Antenna Complex in the 
detergent MEGA8.
0.5mm
Figure 4.7 . Deterioration of these crystals due to phase separation of the 
detergent MEGA8.
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pH 9.0* pH 9.5* Reservoir pH
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2 .6 M X* X*
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2.2M x # X*
2.0M p* P
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s P X X* 3.0M
X  -  Crystal formation 
P  — Precipitate
D rop
Protein concn -  4mg/m l (Purity Index 2.2) in 20mM Tris-HCl, pH8.0 
Detergent -  1% MEGA8
Precipitant -  1M di-potassium hydrogen orthophosphate 
Amphiphile -  2.5% (w /v) benzamidine hydrochloride 
R eservoir
• ♦
Precipitant -  ammonium sulphate, pH9.0 , pH 9.5
In cu bation  T em p eratu re
15°C
Table 4 .2 . Sitting Drop Trial using the Detergent MEGA8  (Sandwich 
Box).
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Trials conducted using NDA gave different crystal forms depending on 
the concentration of ammonium sulphate used (Table 4.3). These different 
crystal forms axe shown in Figure 4.8, F igure 4 .9 and Figure 4.10. The 
differences in crystal morphology ranged from needle shaped crystals at 
2.6M ammonium sulphate, bar shaped crystals and larger plate crystals at 
2.4M ammonium sulphate and tabular plates at 2.2M ammonium sulphate. 
In all trays crystallisation occured following the presence of precipitate. 
The largest of these tabular plate crystals were of a size suitable for X-ray 
analysis (0.4mm x 0.3mm x 0.2mm), but proved not to  be well ordered and 
weakly diffracted X-rays to only 15A.
0.5mm
Figure 4 .8 . Needle Shaped Crystals of the Antenna Complex in the De­
tergent NDA grown using a Reservoir Concentration of 2.6M ammonium 
sulphate, pH 9.5.
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F ig u re  4.9. Bar and Tabular P late Crystals of the Antenna Complex in 
the Detergent NDA grown using a Reservoir Concentration of 2.4M ammo­
nium sulphate, pH 9.5.
I l l
F ig u re  4.10. Tabular P late Crystals of the Antenna Complex in the De­
tergent NDA grown using a Reservoir Concentration of 2.2M ammonium 
sulphate, pH 9.0. These weakly diffracted x-rays to 15A bso lu tion
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X  -  Crystal formation 
P  -  Precipitate
D rop
Protein concn -  4mg/ml (Purity Index 3.0) in 2 0 mM Tris-HCl, pH8 . 0  
Detergent -  1 % NDA
Precipitant -  1 M di-potassium hydrogen orthophosphate 
Amphiphile -  2.5% (w/v) benzamidine hydrochloride 
R eservoir
Precipitant -  ammonium sulphate, pH9.0#, pH9.5*.
Incubation  T em perature  
15°C
Table 4 .3 . Sitting Drop Trial using the Detergent NDA (Sandwich Box).
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Trials were set up using a range of glucoside detergents with different 
alkyl chain lengths. Nonyl glucoside yielded only precipitate across the en­
tire range of ammonium sulphate concentrations. Bax shaped crystals were 
obtained using heptyl glucoside (F igure 4 .11) and heptyl thioglucoside. 
The rate at which these crystals appeared varied from 1-3 weeks depending 
on the rate of vapour diffusion (Table 4.4).
F igure 4 .11. Bar Shaped Crystals of the A ntenna Complex in the De­
tergent Heptyl Glucoside grown using a Reservoir Concentration of 2.2M 
ammonium sulphate, pH 9.0. The size and morphology of the crystals was 
always the same and too small for X-ray analysis.
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The sm all am phiphile was changed to 2.5% (w /v) heptane-1, 2, 3-triol 
and trials in each of the detergents repeated. Crystallisation failed to  oc­
cur in all trials. Trials were also conducted using 2.5% (w/v) Piperidine 
2-carboxylic acid as a small amphiphile. This was only successful in aiding 
crystallisation in the presence of the detergent LDAO yielding small cube 
and needle shaped crystals after approximately 6 months (F igure 4 .12 .)  
(Table 4 .5 ). These crystals were too small to use for X-ray diffraction 
studies.
0.5mm
Figure 4 .12 . Crystals of the A ntenna Complex in the Detergent LDAO 
grown using the small amphiphile Piperidine 2-carboxylic acid and a Reser­
voir Concentration of 2.2M ammonium sulphate, pH 9.0.
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Detergent -  1% heptyl glucoside*, 1% heptyl thioglucoside" 
2.8M
fDco
0 >•-J<O
idM(D
2 .•5*M *e-t-p>
Pe-t-
oo
PO
0 >
P<r+
e-t"
t—* •op
2.6M
2.4M
2.2M
2.0M
1.8M
X* X*
X* X*
X* X*
X* X -
X* X*
< p* p* X* 3.0M
X  -  Crystal formation 
P -  Precipitate
D rop
Protein concn -  4mg/m l (Purity Index 2.3) in 20mM Tris-HCl, pH8.0 
Detergent -  1% heptyl glucoside*, 1% heptyl thioglucoside"1 
Precipitant -  1M di-potassium hydrogen orthophosphate 
Amphiphile -  2.5% (w /v) benzamidine hydrochloride 
R eservoir
Precipitant -  ammonium sulphate, pH9.0.
In cu bation  T em perature  
15°C
T able 4.4 . Sitting Drop Trials using the Detergents Heptyl Glucoside and 
Heptyl Thioglucoside (Sandwich Box).
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Protein concn -  4m g/m l (Purity Index 2.7) in 2 0 mM Tris-HCl, pH8.0 
Detergent -  1 % LDAO
Precipitant -  1M di-potassium hydrogen orthophosphate 
Amphiphile -  2.5% (w /v) piperidine 2-carboxylic acid 
R eservoir
Precipitant -  ammonium sulphate, pH9.0.
Incubation  T em p erature
15°C
Table 4 .5 . Sitting Drop Trials using the Detergent LDAO and the Small 
Amphiphile Piperidine 2-carboxylic acid (Sandwich Box).
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4 .3 . (ii) C rysta llisa tion  u sin g  H anging D rop
It is desirable to conduct trials using hanging drop because a large num­
ber of crystallisation conditions can be quickly screened using only minimal 
amounts of protein. The presence of detergent necessitated both siliconi- 
sation of the microscope coverslide and also placed a limitation on the size 
of the drop due to the reduction in surface tension (Garavito et a i , 1986). 
The maximum effective microdroplet of mother liquor which could be used 
was 6 /d.
The only successful trials were those using 1 M potassium phosphate in 
the drop concentrated against a 1ml reservoir of 25% ammonium sulphate 
at pH9.0 (Table 4.6). Small rod shaped protein crystals (0 . 1 mm x 0.05mm 
x 0 .0 2 mm) grew over a period of 2  weeks at 15°C. The small size of the 
microdroplet, proved to be very susceptible to local fluctuations in incuba­
tor temperature, and any crystals which formed subsequently redissolved 
without crystallisation recurring. Using these conditions the concentration 
of protein in the trial was elevated to 8 m g/m l, but there was no increase in 
either the size or stability of the crystals. An increase in the size of droplet 
led to it falling off the the coverslip into the reservoir. Consequently trials 
using this technique were abandoned.
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X  -  Crystal formation 
P  -  Precipitate
D rop
Protein concn -  4mg/m l (Purity Index 2.9) in 2 0 mM Tris-HCl, pH8.0 
Detergent -  1% /? octyl-glucoside
Precipitant -  1 M di-potassium hydrogen orthophosphate 
Amphiphile -  2.5% (w /v) benzamidine hydrochloride 
R eservoir
Precipitant -  ammonium sulphate, pH9.0.
Incu b ation  T em perature  
15°C
T able 4 .6 . Crystallisation Trials using the Method of Hanging Drop
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4.3. (iii) Review of Results of Preliminary Trials
It was initially found that crystallisation occurred within a pH range of 9.0- 
9.5 and using a combination of di-potassium hydrogen orthophosphate in 
the drop concentrated against a reservoir of ammonium sulphate. Crystal 
formation was possible in almost all of the detergents tried, but only in 
the presence of the small amphiphile benzamidine hydrochloride. The only 
other combination of detergent and amphiphile which gave crystals was that 
of LDAO and piperidine 2-carboxylic acid. These crystals were too small for 
X-ray diffraction studies. The precipitation point of the antenna complex in 
the presence of either 2.5% (w /v) heptane-1, 2, 3-triol or 2.5% (w /v) piperi­
dine 2 -carboxylic acid with potassium phosphate was identical to that with 
2.5% (w /v) benzamidine hydrochloride. The results of these trials show the 
small amphiphile may have a more significant effect than merely perturbing 
the phase equilibrium of the detergent. It it is possible that benzamidine 
hydrochloride specifically interacts with the antenna complex, during crys­
tal formation. Both Michel (Michel et al., 1980) and Garavito (Garavito 
et al., 1980) have emphasised a second role of the small amphiphile in the 
actual process of crystal formation. They view these small amphiphiles as 
agents which enter the crystal lattice and act to balance the hydrophillic 
and hydrophobic surfaces of the membrane protein. In this fashion they 
may affect the packing of the protein monomers within the crystal. Using 
SANS (small angle neutron scattering) it has been demonstrated that the 
overall diameter of the LDAO micelle was reduced with increasing concen­
tration of heptane-1 , 2, 3-triol (Timmins et al., 1991). A similar effect may 
occur during crystallisation of the antenna complex. The size of the deter­
gent micelle is significant for the alkyl glucoside detergents because larger 
crystals could only be obtained using the 8  carbon alkyl chain. It is possible
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that the detergent micelle is compacted in the presence of benzamidine hy­
drochloride allowing the formation of better crystal contacts. The effect of 
slightly changing the concentration of benzamidine hydrochloride was one 
of the factors studied in the next stage, which was to obtain more highly 
ordered crystals.
4 .4 . O p tim isa tion  o f  C rysta llisa tion  C ond ition s using /9-octyl g lu ­
cosid e
The next step was optimisation of crystallisation parameters to obtain 
larger and better ordered crystals. One of the major problems was the time 
taken for crystal nucleation to occur and it was hoped that this could be 
reduced to weeks instead of months.
The first of these parameters to be optimised was protein concentration. 
Trials were set up over a range of protein concentrations containing 1-10 
m g/m l, using 1 M di-potassium hydrogen orthophosphate in the drop and 
ammonium sulphate in the reservoir at 2.0-2.3M (Table 4 .7). It was found 
when the concentration of protein was very dilute ie lm g/m l or less the so­
lution was depleted of protein and remained very small. Large tabular plate 
crystals could only be grown in the range of 6 -8 m g/m l with the biggest crys­
tals occuring at 8 m g/m l protein in the presence of a reservoir concentration 
of 2.1M ammonium sulphate at pH9.0 (F igure 4 .13). Using a protein con­
centration of greater than 8 m g/m l resulted in the formation of precipitate. 
It was found that varying the purity index over a range of values 0.9, 1.5, 
2.0, 2.5 and 3.0 had no effect on crystal size or quality of X-ray diffraction.
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X  -  Small crystal formation
P  -  Precipitate
D rop
Protein concn -  l-10m g/m l (Purity Index 2.5) in 20mM Tris-HCl, pH8.0 
Detergent -  1% /? octyl-glucoside
Precipitant -  1M di-potassium hydrogen orthophosphate 
Amphiphile -  2.5% (w /v) benzamidine hydrochloride 4
R eservoir
Precipitant -  ammonium sulphate, pH9.0.
In cu b ation  T em p erature
15°C
Table 4 .7 . Crystallisation Trials showing the effect of varying the Protein 
Concentration. The morphology of all crystals was tabular plates.
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Figure 4.13. A Large Tabular Plate Crystal which grew using a protein 
concentration of 8m g/m l. This crystal diffracted X-rays to a resolution limit
of  5A.
The next set of trials concerned the effect of tem perature on the speed 
of crystal formation (Table 4.8). Trials were set up at 6, 10, 15 and 20°C. 
At 20°C the tim e required for crystallisation was reduced from 3 months 
to approximately 6 weeks. Experiments by Mikol et al. (1989) have shown 
th a t the time taken for vapour diffusion to occur during crystallisation tri­
als, was 1-3 days depending on the crystallisation system and tem perature 
a t which the experiments were performed. An increase in the rate  of vapour 
diffusion is therefore not the cause of the decrease in crystallisation time.
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At 20°C it is possible that the protein is less soluble than at lower temper­
atures hence it more quickly reaches the supersaturated state. It was not 
possible to use temperatures greater than 2 0 °C because of the breakdown 
in stability of the antenna complex.
Trials were set up using finer increments of reservoir pH (9.0, 9.1, 9.2, 
9.3, 9.4 and 9.5). This was found to have no effect on the size, shape or 
diffraction quality of crystals of the antenna complex.
The final two sets of crystallisation trials concerned changing the concen­
tration of the small amphiphile and the concentration of di-potassium hy­
drogen orthophosphate in the drop. Trials were set up using 1 M potassium  
phosphate, with different concentrations of benzamidine hydrochloride in 
the drop and a range of concentrations of ammonium sulphate in the reser­
voir (2.0-2.4M) (Table 4 .9). Precipitation occured in all trials using 2% 
benzamidine hydrochloride.Raising the concentration to 3.0% meant that 
crystals of benzamidine hydrochloride began to form beside those of the 
antenna complex (F igure 4 .14). Trials set up over a finer range of concen­
trations (2.1, 2.2, 2.3 and 2.4%) of benzamidine hydrochloride yielded no 
improvement in crystal diffraction.
The concentration of di-potassium hydrogen orthophosphate in the drop 
was varied between 0.8-1.2M (T able 4 .10). This gave large tabular plate 
crystals in all trials. Changing the concentration of di-potassium hydro­
gen orthophosphate in the drop from 0.9M to 1.0M led to a decrease in 
the dimension of the c axis of the crystal (see S ection  5.2). Crystal form 
# 1  grew in the presence of 0.9M di-potassium hydrogen orthophosphate 
and crystal form # 2  grew in the presence of 1.0M di-potassium hydrogen 
orthophosphate.
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Figure 4 .14 . A photograph showing the formation of spike shaped crys­
tals of benzam idine hydrochloride. These occured when the concentration 
of benzamidine hydrochloride was increased from 2.5 to 3.0%, and m eant 
tha t only small m icrocrystals of the antenna complex were formed.
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6 °C 1 0 ° C x5°C 2 0 ° C
X  -  Crystal formation
 No crystallisation after 1  year
D rop
Protein concn -  8 m g/m l (Purity Index 3.0) in 2 0 mM Tris-HCl, pH8.0 
Detergent -  1% /? octyl-glucoside
Precipitant -  1M di-potassium hydrogen orthophosphate 
Amphiphile -  2.5% (w /v) benzamidine hydrochloride 
R eservoir
Precipitant -  ammonium sulphate, pH9.0.
In cub ation  T em peratu re  
6 , 10, 15, 20°C
Table 4 .8 . Trials set up to assess the effect of temperature on crystallisa­
tion.
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pH 9.0  R eservoir pH
2.4M£CDcoa>
§• 2.3M 
<-a
a>
G.
U  2 .2 M 
2 . 1 M
Oopoa>pe-h>-iPc+-I—* •op
2.0M
y  ------- '
P X X X
P X X X
P X X X
P X X X
V X X X
2.0% 2.5% 3.0%
P -  P recip ita te  
X X  -  Large crystal formation 
X  -  Microcrystals of antenna complex
D rop
Protein concn -  8 m g/m l (Purity Index 2.8) in 20mM Tris-HCl, pH8.0 
Detergent -  1% j3 octyl-glucoside
Precipitant -  1 M di-potassium hydrogen orthophosphate 
Amphiphile -  2.0, 2.5, 3.0% (w /v) benzamidine hydrochloride 
R eservo ir
Precipitant -  ammonium sulphate, pH9.0.
In cu b ation  T em perature  
2 0 °C
Table 4 .9 . Variation in the concentration of benzamidine hydrochloride 
used as the small amphiphile.
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pH  9.0  R eservoir pH
g3cs>Cfla>
<o
a>o
SC-I-
OoO
oa>Pc-t-
e-f-
o"p
2.4M
2.3M
2.2M
2 .1 M
2 .0 M
X X X X
X X X X
X X X X
X X X X
X X X X
0.8M °-9M li0M J-2M
X  -  Crystal formation
D rop
Protein concn -  8 m g/m l (Purity Index 3.0) in 20mM Tris-HCl, pH8.0 
Detergent -  1 % /? octyl-glucoside
Precipitant -  0.8M-1.2M di-potassium hydrogen orthophosphate 
Amphiphile -  2.5% (w /v) benzamidine hydrochloride 
R eservo ir
Precipitant -  ammonium sulphate, pH9.0.
In cu b ation  T em p eratu re  
2 0 °C
T able 4 .10 . Trials set up to assess the effect of changing the concentration 
of di-potassium hydrogen orthophosphate on crystallisation.
4.5. Review of Optimised Crystallisation Parameters and their 
Effect on X-ray Diffraction
The first parameters to be optimised were the protein purity index and 
protein concentration used in trials. It was found that a protein concen­
tration of 8 m g/m l gave the biggest tabular plate crystals with dimensions 
of 0.9mm x 0.4mm x 0.2mm. These crystals diffracted X-rays to 5A res­
olution and were used in subsequent structural studies. The purity index 
of the protein was determined from the last detergent exchange step in the 
purification protocol and had no bearing on the X-ray diffraction quality of 
the crystals. The time taken for the formation of these large crystals was 
improved by slightly increasing the temperature of incubation from 15°C to 
20°C, giving crystals in 6  weeks. Using reservoir ammonium sulphate con­
centrations of greater than 2.4M tabular plate crystals could be obtained 
more quickly than 6  weeks, but these were too small to be of any use in X-ray 
structural studies. This would be explained by the system quickly reaching 
the labile phase of supersaturation with the removal of protein from solution 
to form many nuclei. When the system returns to the metastable phase any 
remaining protein in solution is depleted during the growth of these nuclei. 
As a result of the numbers of nuclei, the growth of each is limited and the 
crystals remain very small. The longer period necessary for formation of 
fewer, larger crystals is due to the fact that the system only briefly enters 
the labile phase before it returns to the metastable phase. This would seem  
to occur using lower concentrations of ammonium sulphate in the reservoir. 
Attempts at "fine tuning” the reservoir pH made no difference to crystal 
size, shape or most importantly X-ray diffraction quality. It was also pos­
sible that LDAO (the detergent used to isolate the antenna complex) was
present and this was exerting a deterimental effect on crystallisation. In the 
final detergent exchange step of purification, the complex was washed with 
an increased volume of detergent free buffer (12ml) and also 1.5ml of buffer 
containing 0.5mM sodium dithionite which removes any traces of LDAO. 
Again this yielded no further improvement in the resolution of X-ray diffrac­
tion.
A slight change in the concentration of di-potassium hydrogen orthophos­
phate in the crystallisation drop from 0.9M to 1.0M, led to a decrease in 
the length of the c axis from 291.71 A to 283.1 A, suggesting tighter packing 
in the crystal.
In conclusion, the detergent /? octyl-glucoside in conjunction with the 
small amphiphile benzamidine hydrochloride possesses the optimal micelle 
size for the B800-820 antenna complex. The time taken for crystal forma­
tion was decreased, and crystal size increased by optimisation of different 
physical parameters. This also led to a significant improvement in the res­
olution of X-ray diffraction from 10A to 5A.
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CHAPTER 5. Preliminary X-ray Studies 
of the B800-820 Antenna Complex from 
Rhodopseudomonas acidophila 7750
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5.1. Introduction
Although the three-dimensional structures of two types of bacterial re­
action centre have been determined (Deisenhofer et al., 1985, Michel et al., 
1986 and Allen et al., 1987 (a) (b)), similar structural information is not 
yet available for antenna complexes. Crystallisations of several different an­
tenna complexes have been documented (Cogdell et al., 1985, Welte et al., 
1985, Wacker et al., 1986 and Woolley et al., 1986), but it is only recently 
that crystals which diffract X-rays to a resolution sufficient for the deter­
mination of a three-dimensional structure have been reported. Crystals 
of B800-850 antenna complexes from Rhodopseudomonas acidophila strain 
10050 (Papiz et al., 1989) and Rhodospirillum molischianum (Michel, 1991) 
diffract X-rays to a resolution of 3.5A and 2 .8 A respectively. A core antenna 
complex from a reaction centre deficient mutant strain of Rb. Sphaeroides 
(Nunn et al., in press) also diffracts X-rays to 2.8A resolution.
5.2 . X -ray D iffraction  D a ta  from  C rysta l Form  # 1
X-ray diffraction data were collected on form # 1  of tabular plate crystal 
as detailed in S ectio n  2 .15  (iv ) (Crystallisation conditions S ection  4 .4). 
Using the XENGEN  package (Howard et al., 1987), this diffraction data 
indexed as a tetragonal cell with dimensions a=6=120.0lA and c=169.71 A. 
Statistical analysis of the integrated and scaled data gave an R factor;
_ _  E ,  I h ., -  h  I
R factor = ----- = - 7 --------
X i *h,i
of 21.3%, which suggested this was not the correct cell. After re­
examination of the list of trial vectors, a hexagonal cell similar to the cell
132
obtained for the B800-850 antenna complex from Rhodopseudomonas aci- 
dophila strain 10050 (Papiz et a l 1989) was identified. This hexagonal 
cell had dimensions a=6=120.0lA  and c=293.9lA , (cf. o=6=121.lA  and 
c=296.7A , for the B800-850 antenna complex), and like the B800-850 an­
tenna complex could be indexed as a rhombohedral cell with dimensions 
a=120.0lA , or=60°. Papiz et al. (1989) reported that this hexagonal crys­
tal form of the B800-850 antenna complex exhibited pseudocubic symme­
try and could also be indexed on a cubic face centred lattice of dimensions 
a=171.3A. Following this approach a cubic face centred lattice of dimen­
sions a=169.7lAwas constructed (F igure 5.1). In terms of a matrix trans­
formation this conversion from a tetragonal to a cubic face centred cell is 
represented by the matrix in F igu re 5.2.
Cubic Cell
169.71
Tetragonal Cell
120.01
Figure 5.1 A cubic face centred cell of dimensions a=  169.71 A, showing the 
tetragonal cell
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Conversion from a tetragonal to cubic cell
0) 00 1 1  0 \ /  h  
-1 1 0 11 k
0 0 1 /  \ l
\  = h j .  +  k j  k c  = - h  Y  +  k p  l c  = 1 '
Transformation Matrix
a b  plane and 
common c axis
Figure 5.2 (i) Face Centred Cubic Lattice showing Tetragonal Axes, (ii) 
The matrix transformation for the conversion from a tetragonal (hx kx /j)to  
a cubic cell (hc kc lc).
The next step is to transform from the cubic to the rhombohedral cell 
(F igure 5.3).
Conversion from a cubic to rhombohedral cell
0 )
ac
(U) /  0.5 0-5 0 \  (  h .
O O i f l i  II k f  
0 0 .5 /  \  I
Transformation Matrix
Rhombohedral Cell
Figure 5 .3 (i) Rhombohedral Cell Axes within the Cubic Cell, (ii)  The 
transformation matrix for the conversion from a cubic (hc kc lc) to rhom­
bohedral (ha kR Ir ) cell.
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The final transformation is from a rhombohedral to a hexagonal cell us­
ing the matrix in F igure 5.4.
F igure 5.4 The Matrix for the Transformation from a Rhombohedral to a 
Hexagonal cell (from International Tables I, p2 1 ).
A summary of the matrice transformations for the conversion of a tetrag­
onal to a hexagonal cell is shown in Figure 5.5.
Overall matrix transformation from tetragonal to hexagonal cell
Ijj  = 2 k j  + I
Figure 5 . 5  ( i ) | A Summary of the Matrix Transformations required to 
convert from a Tetragonal to a Hexagonal Cell, (ii) This transformation in 
terms of indices.
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REFINE, the autoindexing procedure in XENGEN, constructed an 
orthogonal trial vector set based on the halves of two face diagonals 
(a=6=120.0lA ) and one cell edge (c=169.7lA ) of this cubic lattice. This 
explains the initial misindexing of diffraction data. The correct hexagonal 
cell consists of halves of the two face diagonals (a=6=120.0lA ) and a body 
diagonal (c=293.9lA ).
A statistical analysis of X-ray diffraction data from crystal form # 1  pro­
cessed using XENGEN is presented in T able 5.1.
Dmin(A) AvI &mean R No. M easurem ents No. Reflections
7.76 58.25 19.35 7.13 2918 525
6.16 9.78 3.21 26.61 3120 432
5.38 9.41 1.83 38.29 3056 560
4.89 12.41 1.52 37.36 2714 482
4.54 11.53 1.11 41.26 1664 375
4.27 12.90 1.07 52.16 496 151
Total 19.85 5.20 18.89 14168 2525
A v I - Average intensity for all observations.
p_ E» 1 h,i — Ih 1 + 100 
Et Ih,i
Table 5.1 Statistical Analysis of X-ray Diffraction Data from Tabular Plate 
Crystal # 1  processed using XENGEN.
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In view of the weakness of the intensity of diffraction data, the soft­
ware package XDS  was used to re-determine the integrated intensities of 
reflections. XDS  uses a different procedure for determining the integrated 
intensities of reflections, which overcomes the difficulties in distinguishing 
between weak signal and background points within each reflection (S ection  
2.16 .) (Kabsch, 1988). XDS  chose a cell of a = 6 = 1 2 0 .8 A and c=293.lA , 
with an Raymm of 9.9.
r»   I I h----iymm —
£,• h ,i
ROTAVATA was used to calculate scale and temperature factors between 
overlapping batches of data (Fox and Holmes, 1966). AGROVATA was then 
used to apply scale factors by ROTAVATA. A summary of XDS  data scaled 
using ROTAVATA/  AGROVATA is presented in T able 5.2.
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DminfA) AvI ^mean H-ctim No. M easurem ents No. Reflections
7.98 1615 121.8 0.046 1637 881
5.65 273 98.9 0.90 2360 1172
4.62 346 153.6 0.120 1427 710
4.00 162 65.2 0.120 8 4
Total 696 122.2 0.120 5432 2697
Rcum -  Rsymm up to each resolution range listed
Table 5.2 Summary of XDS  Data Scaled using ROTAVATA and 
AGROVATA for Tabular Plate Crystal # 1 .
The trigonal space groups which can be indexed using rhombohedral axes 
are R3 , R3, R32, R3m , R3 m, R3c and R3c. It is possible to determine the 
space group using equivalences in \F(hkl)\ (symmetry of the reciprocal lat­
tice). For the space groups R3  and R32, these equivalences are the same 
as those for P3 , and P321 respectively. The equivalence hkl=khl is present 
in P321, but not in P3. Using this distinction it should be possible to 
discriminate between R3  and R32, however this was not possible due to 
merging during processing of the diffraction data using AGROVATA. The 
data was assigned the space group R3  and reprocessed using ROTAVATA 
and AGROVATA. Twice as many reflections were present in the output file 
of structure factors (Table 5 .3). The equivalence hkl=khl is present in these 
extra reflections. Rsymm was to be close to zero for each pair of reflections. 
This confirmed the space group as R32, which is the same space group as 
that obtained for the B800-850 antenna complex from Rhodopseudomonas 
acidophila strain 10050.
138
hkl Intensity <7 khl Intensity cr
TO 32 4408 90 0 1 32 4591 95
TO 14 3518 63 0 1 14 3488 63
2 1 21 1530 40 1 2  21 1650 47
3 2 28 1700 64 2 3 28 1716 60
1 3  38 351 162 3 1 38 367 165
1 2  45 423 176 2 1 45 440 178
T able 5 .3 . A table showing the equivalence hkl=khl which is present in 
the output file of structure factors.
5 .3 . X -ray  D iffraction  D a ta  from  Tabular P la te  C rysta l Form  # 2
X-ray diffraction data were collected on a second form of tabular plate 
crystal (see S ec tio n  4 .4). A hexagonal lattice with cell dimensions 
a = 6 = 1 2 2 .97A and c=284.95A was observed. A statistical analysis of the 
data collected from crystal form # 2  and processed using XENGEN  is shown 
in T able 5 .4 . The intensities of this data were also reintegrated using XDS, 
which gave a hexagonal cell with dimensions a = 6 = 1 2 1 .8 A and c=283.lA . 
This data was scaled using ROTAVATA/AGROVATA. A statistical analysis 
of these results is presented in T able 5.5. The space group for this second 
tabular plate form of crystal was also determined to be R32, by the same 
method used for crystal form # 1 .
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Dmin(A) AvI O mean R No. M easurem ents N o. Reflections
10.09 165.38 47.43 3.14 2432 465
8.01 20.71 9.12 13.29 2759 435
7.00 5.79 2.69 35.33 2776 525
6.36 1.52 0.79 63.67 2785 480
5.90 0.93 0.31 62.33 1535 432
5.55 1.22 0.46 43.41 463 200
Total 35.89 11.22 7.61 12750 2537
R  -  R factor =  ' Ih'\  Ih— ) * 1 0 0\ E. h,i )
Table 5 .4  A Statistical Summary of Diffraction Data from Crystal Form 
# 2  Processed using XENGEN.
Dm in(A) A vI Omean R«um No. M easurem ents No. Reflections
11.94 471 35.1 0.031 1402 772
8.47 108 12.1 0.042 2841 534
6.92 17 7.1 0.059 3651 800
6.00 8 6.9 0.069 2184 750
Total 104 15.5 0.069 10078 2856
R-cum -  Rsymm up to each resolution range listed
T able 5 .5 . Summary of Scaling using ROTAVATA and AGROVATA of 
Crystal Form # 2 .
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5.4. A  C om parison o f  P ro cessed  D iffraction  D ata  from  th e  T w o  
Form s o f  Tabular P la te  C rysta l
There was a difference of approximately 10A in the cell dimensions of 
crystal forms # 1  and # 2  and a slight difference in the lengths of the a and 
b axes. There was no tetragonal cell, similar to the lattice obtained for crys­
tal form $ 1 , present in the list of trial vectors generated using the XENGEN  
package for crystal form # 2 . Attempts to refine the cell <z= 6=120.01 A and 
c=293.9lA  using diffraction data from crystal form # 2  were unsuccessful. 
Given that the crystallisation conditions are slightly different, these two 
forms would seem to be distinct.
A comparison of the statistics from processing of the two crystal forms 
using XENGEN  and XDS/ROTAVATA/ AGROVATA is shown in T able
5.6.
Crystal form AvI &mean R No. M easurem ents No. R eflections %Complete at 6
#1  Xen 19.85 5.20 18.89 14168 2525 87%
#1 XDS 696 122 12.00 5432 2697 93%
# 2  Xen 35.89 11.22 7.61 12750 2537 87.5%
# 2  XDS 104 15.5 6.9 10078 2856 98.5%
Table 5 .6  Summary of diffraction data collected from the two crystal forms
(# 1  and # 2 ).
Reprocessing the data from both crystal forms using XDS  resulted in an 
increase in the average intensity and a decrease in the total R factor the
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two data from the two crystal forms. Examination of the normalised three- 
dimensional reflection profiles produced by XDS  showed that reflections lay 
centrally in each profile box. This was the case in both crystal forms. In 
view of the lower R factor, data processed using XDS  was used in subse­
quent calculations.
5.5. C rysta l D en sity  M easu rem en t
The densities of the two crystal forms were measured using aqueous Fi- 
coll solutions (see S ection  2.17) (Westbrook, 1985). The densities of both 
crystal forms were determined to be l.lT g/cm 3. A plot of results is pre­
sented in F igure 5.6.
1.14
(ii) ,
' o  -  l . l S g / c m 1
”  1.16 Cu
60
-  1 .19
-  1.22
1.20
1.24
1.22
1.24
8.07.06.04.03.0 5.00.0 2.01.0
H e ig h t  a b o v e  b o t to m  o f  g ra d ien t (c m )
A  -C ry sta l D en sity
F igure 5 .6 . (i) Calibration Curve for Density Measurement using an Aque­
ous Ficoll solution, (ii) Schematic diagram of the centrifuge tube illustrat­
ing the relative height of the crystal (not shown to scale).
In a survey of different crystalline proteins whose molecular weights were 
known from other methods, it was found that the fraction of crystal volume 
occupied by solvent is usually near 43%, but may vary between 27% and
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65% (Matthews, 1968). These values correspond to an average crystal vol­
ume per unit molecular weight (Vm=  volume of asymmetric unit/molecular 
weight) of 2.4A3/D a  with a variation of 1.68A3/D a to 3.53A3 /D a. The 
computed Vm is 2.47A3/D a  for crystal form # 1  and 2.42A3/D a  for crystal 
form # 2 , assuming a molecular mass of 83535 Da in the asymmetric unit 
with Z—18 (Table 5.7). These values fall within the range of values (1.7- 
5.5A3 /D a) reported by Matthews (1977) and give solvent compositions of 
49.8% for crystal form # 1  and 50.2% for crystal form # 2 , using:
%solvent =  X100 (M atthew s, 1968)
v m
Apoprotein Bchl Carotenoid
Molecular
Weight
a i- 5567Da
a 2~5906Da+
01- 4721Da*
02- 4520Da*
911.5Da 554Da+
Per assembly of c*i ot2 0 \ ft2 + 6BChl + 3 carotenoids
27845Da
Per trimer of this assembly
83535Da
•Determined from structure analysis (Brunisholz et al., 1987)
* Determined from electrospray mass spectrometry
* Assume approximate molecular weight of carotenoid as lycopene (554 Da)
Table 5 .7 The Molecular Weight of a Trimer of Apoproteins and Associ­
ated Pigments.
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The equation shown below was used to calculate the density (pcaic) of 
the two crystal forms (Colman and Matthews, 1971, Matthews, 1985), in 
conjunction with the percentage solvent calculated above.
Pcalc = P so lven t 4*p ( ~ ^ p  P so lve n t)
P caic ~ calculated density
p so lv e n t ~ solvated density (assumed as 1 .0 g/cm 3  for H2 0 )
~up — partial specific volume of unsolvated protein (0.74g/cm )
j , ( 1 % so lv e n t\
<Pp ' v1 ioo /
Talcing the solvent content as 0.498 for crystal # 1  and 0.502 for crystal 
form # 2  and substituting these into the equation above, gives a density 
(p c a ic ) for both crystal forms of 1.17g/cm3. This is same density measured 
for each crystal form using the Ficoll method. These independent calcula­
tions of density indicate that the asymmetric unit of the B800-820 antenna 
complex is a trimer of molecular assemblies, with each assembly consisting of 
a i a 2Pi02 apoproteins, six bacteriochlorophyll a and 3 carotenoid molecules. 
This is consistent with the stoichiometric ratio for bacteriochlorophyll a: 
carotenoid pigments of 2:1 derived in C hapter 3. The close similarity 
in the unit cell and space group of these protein crystals and crystals of 
the B800-850 antenna complex suggests a similar asymmetric unit in both 
cases. Papiz et al. (1989) propose an asymmetric unit containing six a //? -  
subunits, 18 bacteriochlorophyll a and nine carotenoid molecules.
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There is a difference of 8465Da between the molecular weight of the 
trimer of molecular assemblies (83535Da) and the apparent molecular 
weight of the intact antenna complex determined from gel electrophore­
sis (Mxpp of 92000Da). A difference was also reported in the molecular 
weights of the isolated Rhodopseudomonas viridis reaction centre complex 
(160-190000Da)(Clayton et al., 1972, Thornber et al., 1980) and the molec­
ular weight of the complex determined using X-ray crystallography (145000 
Da) (Deisenhofer et al., 1989).
5.6. Introduction to the Patterson and Rotation Functions
5.6. (i) Introduction to the Patterson Function
The Patterson function (Patterson, 1934) is a convolution function which 
may always be calculated from a set of X-ray diffraction data.The expression 
used to calculate the Patterson function is shown below.
P (uvw )=$  E E E  F(M:/)2cos27r(/iu+JhH-M
A = o c /t= « x »  1 = 0
The Patterson function represents a map not of the individual atomic po­
sitions, but of the interatomic vectors. The Patterson summation always 
contains a large peak at the origin due to the superposition of all the self­
self vectors P(000)=Y^jLi ^ j2-
In general if an atom i contains Z, electrons and an atom j  contains Zj 
electrons then the peak in the Patterson summations which represents the 
vector between atoms i and j  will have a weight proportional to Z,Zj.
The Patterson summation also contains a centre of symmetry at the ori­
gin although the structure itself may not be centrosymmetric. The value of 
the Patterson function at a position Ui2, which represents the vector from 
atom 1  to atom 2  is equal to the value of the function at -Ui2  which corre­
sponds to the vector from atom 2 to atom 1. The centrosymmetric nature
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of the Patterson synthesis implies that the space group of the synthesis is 
different from that of the real structure. The space group of the Patterson 
synthesis may be derived from the space group of the real structure by ad­
dition of a centre of symmetry, and the loss of the translational symmetry 
elements along screw axes or across glide planes. The corresponding Pat­
terson symmetry for the space group R32 is R3m.
It is not possible to solve the structure of a protein from the Patterson 
function due to the complexity of the structure and because Patterson space 
is very much more crowded than Fourier space. If a structure contains N  
atoms per unit cell, then the numbers of vectors in the Patterson map is 
N2, N  o i which axe self-self vectors and superimpose at the origin. The re­
maining N (N -l) vectors axe distributed throughout the volume of the unit 
cell, which in a Fourier synthesis contains only N  peaks. The possibility of 
recognising any detailed structural features in a protein Patterson is there­
fore unlikely. However some information can be extracted by means of the 
function which can be used to determine the relative orientations of sub­
units in an oligomeric protein.
The Patterson function forms the basis for the location of heavy atoms 
in the isomorphous replacement method.
5.6. (ii) Introduction to the Rotation Function
As the antenna complex exists as an oligomeric assembly it is useful to 
know the symmetrical relationship between sub-units in the asymmetric 
unit. This relationship is described in terms of non-crystallographic or lo­
cal symmetry between these subunits. This information can be used later 
during interpretation of an electron density map or used in symmetry aver­
aging procedures for the enhancement of available phases. The orientation 
of these local symmetry elements within the asymmetric unit is deduced
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metry elements within the asymmetric unit is deduced using the Rotation 
function, originally developed by Rossmann and Blow, 1962.
R =fu P2(X2)P 1(X 1) dX1
R -  Rotation function 
Pi -  Patterson function 
P2 -  Rotated Patterson function 
U -  Volume of integration
The Patterson function contains sets of peaks representing intramolecu­
lar vectors (the self-vector sets) and also intermolecular vectors (the cross- 
vector sets). By rotating the Patterson function on top of a copy of itself, 
it is possible to determine the amount of overlap of one set of self vectors 
onto the other set. A maximum overlap of these sets will occur when they 
have the same orientation by means of a local symmetry axis.
POLARRFN , a fast Rotation function, which works in polar angles (F ig­
ure 5.7), was used to search for non-crystallographic symmetry within the 
asymmetric unit. Although slower in calculation than the Crowther fast 
Rotation function, POLARRFN  is easier to interpret.
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Figure 5 .7 . Definition of the Spherical Polar Angles used in the Program 
POLARRFN. The direction of the rotation axis is defined by the angle ip, 
measured from the z axis, and by the angle <p measured in the xy plane from 
the x axis. The rotation itself is given by the spin x  about the axis.
5 .7  T h e  Search for N on -C rysta llograp h ic  A x es  o f S y m m etry
A search for local two fold axes was conducted for both crystal forms 
# 1  and # 2  keeping x  constant at 180° and altering ip and <p. The initial 
resolution of data used was 10.0-6.0A, with an integration radius of 4.2- 
30.0A. This radius of integration was used to obtain only the self Patterson 
vectors. By taking the smallest integration radius as 4.2A, the large peak 
corresponding to the origin is removed. The results for both crystal forms 
were identical. Eighteen peaks corresponding to crystallographic two fold 
symmetry axes were observed at V>=90° and every 20° in <p (0°, 20° etc) 
with x=180°. A peak corresponding to a non-crystallographic two-fold axis 
is present at ^=0° ^=90° x =  180°. This axis is parallel to the crystallo­
graphic c axis. As a check of the solutions integrity, the resolution range of 
data used was altered from 10.0-6.0A to 15.0A-6.0A, with the same radius
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of integration (4.2-30.0A). There was no change in the number of observed 
peaks. Similarly there was no change on altering the integration radius 
range from 4.2-30.0 A to 4.2-25.0A. A stereogram of the self rotation func­
tion illustrating section x=180° is presented in F igure 5.8 for crystal form
# 2 -
90.0
0.0
- 90.0
Figure 5 .8 . A Stereogram of the Self Rotation Function of Section x=180° 
for Crystal Form # 2 . This section has xp=0° at the centre, ^=90° around 
the edge and <j> around the periphery. The plot is contoured from a start 
level of 60, with a contour interval of 1 0 .
A second search for local three fold symmetry was conducted keeping x  
constant at 120° and altering ip and <j>. A stereogram plot of the self rotation 
function of section x  =120° is presented for crystal form # 2  in F igu re 5.9. 
Only a peak at ip=0° 0=0° x=120° corresponding to the crystallographic 
threefold axis is observed. It is possible that local threefold symmetry is 
present, but is obscured by the peak corresponding to the crystallographic
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axis.
90.0
0.0leo.o
- 90.0
Figure 5 .9 . A Stereogram of the Self Rotation Function of Section x=120° 
for Crystal Form # 2 . This section has rp=0° at the centre, ^=90° around 
the edge and <f> around the periphery. The plot is contoured from a start 
level of 60, with a contour interval of 10.
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5.8. A  M od el o f  th e  A sy m m etr ic  U n it o f th e B 800—850 A n ten n a  
C om p lex
5.8 (i) D escrip tion  o f th e  M odel
Papiz (unpublished results, 1990) has proposed a tentative model for 
the arrangement of the a-helices in the asymmetric unit of the B800-850 
antenna complex from the 10050 strain of Rhodopseudomonas acidophila. 
This model is shown in F igure 5 .10. A tetramer in this model consists of 
four parallel o-helices related by a local two fold symmetry axis parallel to 
the z axis. The asymmetric unit is composed of a trimer of these tetramers. 
These tetramers are related by a local three fold axis which is also parallel 
to the z axis. The distance between the centres of adjacent helices in the 
four helice bundle is 10.1 A. The distance between the centres of diagonally 
opposing a-helices in this four helice bundle is 16A and the distance be­
tween the centres of each bundle equal to 24.5A.
5.8 (ii) C on seq u ences o f th is  M odel
An ar-helix is a regularly repeating structure. If helices are aligned in 
parallel, as suggested in the model, then it is possible that peaks corresond- 
ing to interatomic vectors between these helices may appear in a Patterson 
map. a  helices aligned in parallel along the z  axis would give peaks which 
would be observed in the Patterson map at section z=  0. In view of the num­
ber of subunits in the asymmetric unit of this model, non-crystallographic 
symmetry should be observed in plots of the rotation function. This sym­
metry may relate the positions of helices within bundles and/or between 
helice bundles.
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A-10.1A
B- 16.0A
C- 24.5A
Figure 5.10 A Model for the Arrangement of a  Helices in the Asymmetric 
Unit of the B800-850 Light-Harvesting Antenna Complex from Rhodopseu­
domonas acidophila Strain 10050. An a  helix with its longest axis perpen­
dicular to the plane of the paper, parallel to the membrane normal and the 
z axis is represented by a circle. The figure is not shown to scale.
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5.9 In terp reta tion  o f  C ollected  X -ray D iffraction  D a ta  for th e  
B 8 0 0 -8 2 0  an ten n a  com p lex
Earlier calculations show that the asymmetric unit of the B800-820 an­
tenna complex is a trimer of tetramers related by local two-fold symmetry 
parallel to the z axis. Two possible arrangements of this trimer of tetramers 
are shown in F igure 5.11.
A map of the Patterson function was calculated at section 2=0 using FFT. 
The number of sampling divisions (grid size) along the whole cell edge were 
taken as I of the maximum resolution of X-ray diffraction data (6A). The 
range of cell calculated was represented in terms of the asymmetric unit 
for the Patterson space group R3m (0 < x < |,  0 < 2 /< |, 0 < 2 < |) . The Patter­
son map was calculated using PI because of restrictions in calculating the 
map in the Patterson space group RSm. The program EXTEND  was used 
to generate more of the map calculated by FFT. The map was extended 
around the three fold axis using the symmetry operators x y z, y x-y z and 
x + y  x z. An extended map of the 2=0 section of the Patterson function of 
X-ray diffraction data from crystal form # 2  is presented in F igure 5.12.
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F igu re5 .1 lT w o possible arrangements of the trimer of tetramers of helices 
which display local two-fold symmetry parallel to the z axis. A circle rep­
resents an a  helix with its longest axis perpendicular to the plane of the 
paper. A  represents the distance between the centres of adjacent helices, B  
the distance between the centres of diagonally opposing helices and C the 
distance between the centre of each four helix bundle.
Figure 5 .12. A map of the 2^0 section of the Patterson function for Crys­
tal Form # 2 . The map is contoured from 70 to 140 with intervals of 10 
(Standard deviation 35.3). This map was calculated using data  to a  resolu­
tion of 6.0A. The peaks at D  have not been interpretated. Scale l m m / A .
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By measuring the distance from the origin to each set of peaks it is pos­
sible to calculate the length of interatomic vectors. The first set of peaks 
is observed in the Patterson map at llA (A . The approximate distance be­
tween a  helices was measured from a helix bundle in Phospholipase A2 
(Brunie et al., 1985), as 10.8A. Peaks corresponding to interatomic vectors 
between the centres of adjacent helices would appear at this distance (see 
A  in F igure 5.11). The distance between diagonally opposing helices in 
this tetramer (see B  in F igure 5.11) is 15.2A. This is reflected in the Pat­
terson map with a set of peaks at 15A. Interatomic vectors between the 
centre of tetramers arranged as shown in the model in F igu re 5.11 (i) 
would have a length of 21.6 A. These peaks are not observed in the Patter­
son map, but a third set of peaks is observed at 23A. It is possible that this 
set of peaks is consistent with the interatomic vector lengths between the 
centres of tetramers arranged sis in the model in F igure 5.11 (ii). This is 
a more likely arrangement for the asymmetric unit, given the overall simi­
larity between the B800-820 and the B800-850 antenna complexes and the 
stoichiometry of the chromophores. A Patterson map of the z=  0 section of 
the B800-850 antenna complex is compared with the 2=0 section of the Pat­
terson map calculated for the B800-820 antenna complex in F igure 5.13. 
The map for the B800-850 antenna complex was calculated using data to 
a resolution of 4.5A, with the map for the B800-820 antenna complex cal­
culated using 6A resolution data. Peaks corresponding to vectors between 
tetramers of helices axe found at a distance of 24.5A from the origin (c.f 
23A for the B800-820 antenna complex. This suggests that the B800-820 
antenna complex may be slightly more closely packed.
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Figure 5.13 (i) A map of the z=0 section of the Patterson map for crys­
tal form # 2 . The map is contoured from 70 to  140 with intervals of 10 
(Standard deviation 35.3). (ii) A map of the z= 0 section of the Patterson 
map for the B800-850 antenna complex from Rhodopseudomonas acidophila 
strain 100050. The scale of both maps is 0.7mmA.
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5.10 Sum m ary
X-ray diffraction data were collected on two forms of tabular plate crystal 
(# 1  and # 2 ). Crystal form # 1  was initially indexed as a tetragonal cell. 
Statistical analysis of the integrated and scaled data gave a high R factor 
which suggested this was not the correct cell. Re-examination of the list of 
trial vectors gave a hexagonal cell with similar dimensions to the B800-850 
antenna complex from Rhodopseudomonas strain 10050. This cell could also 
be indexed as a rhombohedral lattice with a=60°. Like the B800—850 an­
tenna complex, crystal form # 1  of the B800-820 antenna complex exhibited 
pseudo-cubic symmetry. It was possible to transform from the tetragonal 
lattice to a hexagonal lattice via a cubic intermediate. This pseudosymme­
try led to the initial misindexing of the cell.
Crystal form # 2  also had a hexagonal cell, but the c axis of this cell was 
10A shorter than the c axis in crystal form Cubic pseudosymme- V 
try was not present in this second crystal form.
It was not possible to determine the space group of both crystal forms 
by examination of the systematic absences because these axe equivalent for 
the trigonal space groups in question. The equivalence hkl=khl was present 
in the output file of .extra reflections, which remained after processing the 
X-ray diffraction data in the space group R3  using AGROVATA. This con­
firmed the space group as R32.
The crystal density of both crystal forms was determined to be 
1.17g/cin3 using the Ficoll method. Assuming a molecular mass of 83.5kDa 
in the asymmetric unit, gave a computed Vm (volume of asymmetric 
unit/molecular weight) of 2.47A3/D a  and 2.24A3/D a  for crystal form #1  
and # 2  respectively. These Vm values gave solvent compositions of 49.8% 
for crystal form and 50.2% for crystal form # 2 . These values are within
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the range of values reported by Matthews (1977).
By recalculating the density from the solvent content, the density of the 
crystal in each crystal form was found to be 1.17g/cm3. These independent 
calculations of density indicate that the asymmetric unit of the B800-820 
antenna complex is a trimer of molecular assemblies with each assembly 
consisting of ctia2P ifi2 apoproteins, 6 bacteriochlorophyll a molecules and 
3 carotenoids.
The rotation function shows the presence of a local two-fold axis which 
is parallel to the z  axis. Analysis of the rotation function for local three-fold 
symmetry gave a peak corresponding to the crystallographic three-fold axis 
parallel to the z  axis. If local three-fold symmetry is present and parallel to 
the z  axis then it would be obscured by this peak.
In view of the chromophore stoichiometry and the results of X-ray diffrac­
tion data, a tentative model for the arrangement of a-helices in the asym­
metric unit was proposed. This is similar to the model proposed by Pa- 
piz (unpublished results, 1990) for the B800-850 antenna complex from 
Rhodopseudomonas acidophila strain 10050. The close similarity in molec­
ular weight, crystal density, unit cell dimensions and space group suggests 
a similar asymmetric unit in both the B800-820 and the B800-850 antenna 
complexes.
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CHAPTER 6. Summary and Discussion
\
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6.1. Sum m ary and Discussion
The first steps in photosynthesis are mediated by pigment-protein com­
plexes in the photosynthetic membrane. In order to understand how these 
light-harvesting antenna complexes capture and transfer light at a molec­
ular level, it is necessary to use X-ray crystallography to determine the 
three-dimensional structures of such complexes at atomic resolution. This 
would then give further insight as to why some species of purple bacteria 
possess the ability to synthesise different types of additional light-harvesting 
complexes.
An example of such a complex is the B800-820 light-harvesting antenna 
complex from the 7750 strain of Rhodopseudomonas acidophila, which is 
synthesised in response to temperatures of 20-25°C and low light intenstity 
(Gardner A.T., (1992), Personal communication).
An investigation into the structure and function of the B800-820 light- 
harvesting antenna complex from the 7750 strain of Rhodopseudomonas aci­
dophila requires the isolation of a pure antenna preparation. The isolation 
procedure was described in C hap ters 2 and 3 of this thesis. The purified 
antenna complex displayed the same absorption maxima as the whole cells 
from which it was derived. This is a clear indicator that the native structure 
had been retained during isolation and purification. Secondary structural 
analysis of the native, purified antenna complex in C h ap ter 3, using ultra 
violet circular dichroism, confirmed the presence of a  helix which had been 
suggested from primary structural analysis (Bissig, 1988). Infrared circu­
lar dichroism spectroscopy showed that carotenoid pigments in the antenna 
complex are influenced by their environment and show strong, induced op­
tical activity. The circular dichroism spectra of the near infrared region 
showed a strong bacteriochlorophyll a Qy absorption which differed from
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the observed absorption of bacteriochlorophyll a in organic solvent. This 
may be due to the environment in which the bacteriochlorophylls axe situ­
ated or possibly interactions between them (exciton coupling). Similax neax 
infrared CD absorption has also been reported for other species of purple 
photosynthetic bacteria (Cogdell et al., 1985). Both ultra violet and infrared 
circulax dichroism spectra demonstrated that exchanging the antenna com­
plex into different detergents had no deterimental effect on conformation of 
the antenna complex.
After isolation of the native, detergent-exchanged antenna complex, both 
pigment and protein content in the complex was assessed. The stoichiomet­
ric ratio of bacteriochlorophyll a: caxotenoids was determined to be 2:1, 
which is is the same ratio obtained for purified chromatophores containing 
B800-820 antenna complex from Rhodopseudomonas acidophila strain 7750 
by Evans in 1989.
The polypeptide composition of the antenna complex was investigated 
using tricine SDS polyacrylamide gel electrophoresis, which overcomes the 
problems associated with traditional SDS PAGE, in the examination of low 
molecular weight polypeptides. After denaturation of the antenna complex 
two sets of two bands were observed, which corresponded to the so-called 
a  and (3 apoproteins. The presence of these apoproteins (a i, &2,0i and (32) 
was confirmed by reverse phase HPLC (Zuber, H., (1992), Personal commu­
nication). The M^pps of these polypeptides were determined to be 2550, 
3350, 6300 and 6500 Da. Although three of these apoproteins have been se­
quenced (Bissig, 1988), the amphiphilic nature of these proteins means that 
their apparent molecular weight (M^pp) differs from the weight determined 
using primary structure analysis (a \ 5567 Da, a^-not determined,/?i 4721 
Da and / ? 2  4520 Da) . This makes it impossible to assign specific bands
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on the gel to specific peptides. Electrospray ionisation mass spectrome­
try indicated that the molecular weight of the a 2 apoprotein (5906 Da) 
may be greater than any of the molecular weights reported for the other 
a//? apoproteins. A lack of time hampered a thorough investigation of this 
method. Further work would concern the optimisation of a suitable carrier 
solvent to prevent precipitation of the protein on injection and also to assess 
the effects of salt on the analysis, which would then enable the examination 
of the contents of a solution containing re-dissolved crystals.
The undenatured complex migrated on an SDS gel as a pigmented band 
with an apparent molecular weight of approximately 92kDa, which shows 
that the complex exists as an aggregate of the four apoproteins together 
with associated pigments. This is in the range of molecular weights re­
ported for native antenna complexes and similar to 84kDa reported for the 
B800-850 antenna complex from the 10050 strain of Rhodopseudomonas aci- 
dophila (Papiz et al., 1989). The smallest possible structural unit consists 
of an or1a 2^i / ? 2  which binds six bacteriochlorophyll a molecules and three 
carotenoid molecules. The smallest oligomeric assembly, consistent with the 
apparent molecular weight of 92kDa is a trimer of this structural unit.
As a prerequisite to crystallisation trials, the stability of the antenna com­
plex was determined with respect to different physical parameters (C hap ter  
4). The most important of these were found to be temperature and pH. 
The antenna complex was stable at a pH of 8.5 or greater, and tempera­
tures of less than 25°C. Small amphiphiles were also added to the protein 
and shown to have no effect on protein integrity. The precipitation point 
using the inorganic salt di-potassium hydrogen orthophosphate was deter­
mined to be approximately 1M, and 10% for polyethylene glycol 6000. This 
precipitation point was raised upon addition of benzamidine hydrochloride
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cis detailed in C hap ter 4 .The effects of detergent were previously exam­
ined in C hap ter 3, with the antenna complex stable in all of the detergents 
used. There was a slight change in the relative heights of absorbance of the 
two bacteriochlorophyll Qy bands at 800 and 820nm after exchange into the 
alkyl glucoside detergents, which could be reversed by re-exchanging the 
complex back into LDAO. This transitory effect may arise because of subtle 
local changes in the conformation of bacteriochlorophyll. Sodium dodecyl 
sulphate was not used due to its strongly denaturing effects on this class of 
complexes (Cogdell et al., 1991).
Trials were initially undertaken using different inorganic salts and the 
organic polymer polyethylene glycol 6000 as precipitants, in the presence 
of the detergent /9-octyl glucoside. Small crystals were only obtained us­
ing a combination of di-potassium hydrogen orthophosphate in the drop 
in the presence of a small amphiphile, concentrated against a reservoir of 
ammonium sulphate at pHs of 9.0 and 9.5. Small crystals were obtained 
in all detergents in the presence of benzamidine hydrochloride, except the 
bile salt derivatives CHAPS and CHAPSO. It has been reported that these 
detergents may be better suited to membrane proteins of eukaryotic origin 
(Hjemeland et al., 1983). Changing the small amphiphile to piperidine 2- 
carboxylic acid only enabled the growth of crystals using LDAO. The small 
amphiphile heptane-1, 2, 3-triol, used successfully in the crystallisation of 
the photosynthetic reaction centre from Rhodopseudomonas viridis (Michel, 
1982), failed to yield any crystals of the B800-820 light-harvesting antenna 
complex. Alkyl glucoside detergents with different chain lengths were used 
to determine the optimal micelle size for formation of protein-protein con­
tacts, which occurs during the process of crystallisation (Michel, 1983). It 
would seem from these studies that f3 octyl-glucoside possesses micelles of
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the correct diameter. The importance of the alkyl chain length was also 
observed during crystallisation of the photosynthetic reaction centre from 
Rhodopseudomonas viridis (Michel, 1983). The photosynthetic reaction cen­
tre could not be crystallised when N,A-dimethy ldodecylamine-TV-oxide was 
replaced by A, A-dimethyldecylamine-A-oxide. Even replacement of the for­
mer detergent by the latter in the crystals by soaking led to disorder. The 
effect of the small amphiphile must however also be considered. Using SANS 
(small angle neutron scattering) it has been demonstrated that the overall 
diameter of the LDAO micelle was reduced with increasing concentration 
of heptane-1, 2, 3-triol (Timmins et al., 1991). Benzamidine hydrochloride 
may be exerting a similar effect on the /5-octyl glucoside micelles. By repeat­
ing the SANS experiments it would be possible to clarify this. It is possible 
that benzamidine hydrochloride might replace detergent molecules at po­
sitions critical for the formation of a crystal lattice (Michel & Oestorhelt, 
1980, Garavito & Rosenbusch, 1980). Specific interactions of benzamidine 
hydrochloride with the antenna complex axe also possible. This is indicated 
again from studies on the photosynthetic reaction centre, which would crys­
tallise only in the presence of the threo-form of heptane-1, 2, 3-triol, but not 
the erythro-ioTm (Michel, 1991).
Crystals which diffracted X-rays to low resolution could be grown only in 
the presence of the detergents /5-octyl glucoside and NAD. Large crystals 
grown using NAD diffracted X-rays to a resolution of 15A. /5-octyl glucoside 
yielded small crystals which diffracted to a superior resolution of 10A. These 
crystals were the subject of an optimisation to obtain an improvement in 
the resolution of X-ray diffraction.
The first crystallisation parameters to be optimised were the protein pu­
rity index and protein concentration used in trials. It was found that a
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protein concentration of 8mg/ml gave the biggest tabular plate crystals 
with dimensions of 0.9mm X 0.4mm X 0.2mm. These crystals diffracted 
X-rays to 4.27A resolution and were used in subsequent structural studies 
(crystal form # 1 ). By changing the concentration of di-potassium hydro­
gen orthophosphate used in the drop from 0.9 to 1.0M a slight change in the 
unit cell was observed, but there were no noticable changes in the crystal 
dimensions or habit (Crystal form # 2 ). The purity index of the protein, 
determined from the last detergent exchange step in the purification pro­
tocol had no bearing on the X-ray diffraction quality of the crystals. The 
time taken for the formation of these large crystals was improved by slightly 
increasing the temperature of incubation from 15°C to 20°C, giving crystals 
in 6 weeks. This is due to an increase in the speed of vapour diffusion. 
Attempts at ”fine tuning” the reservoir pH made no difference to crystal 
size, shape or most importantly X-ray diffraction quality.
No attempt was made in this project to determine if residual LDAO was 
still present in the final detergent-exchanged protein. This could be eas­
ily qualified by isolating the B800-820 antenna complex using radioactively 
labelled [13Caxbon] LDAO and monitoring the removal of the radioactively 
labelled detergent during the concentration and detergent-exchange step.
Due to the length of time needed for the preparation of protein samples 
for crystallisation, the range of detergents and small amphiphiles used in 
this study were by no means exhaustive. Future work would enable both 
the range of small amphiphiles and classes of detergents used e.g poly- 
oxyethylenes to be extended.
Crystallographic studies of the B800-820 light-haxvesting antenna com­
plex were described in C h ap ter 5. X-ray diffraction data were collected on 
two forms of tabular plate crystal (# 1  and # 2 ). Crystal form # 1  showed
pseudosymmetry similar to that obtained for the 3800-850 antenna com­
plex from the 10050 strain of Rhodopseudomonas acidophila, leading to an 
initially mis-indexed cell which was subsequently indexed correctly as a 
hexagonal cell. This pseudosymmetry was not present in the second crys­
tal form (# 2 ) which was also 10A shorter in the c axis than crystal form 
#1 . This difference suggests a tighter packing of the complex in the second 
crystal form. Both crystal forms belonged to the space group R32.
The crystal density of both crystal forms was determined to be 
1.17g/cm3. Assuming a molecular mass of 83.5kDa (trimer of tetramers 
together with associated photosynthetic pigments) in the asymmetric unit 
gives a Vm of 2.47A3/D a  and 2.42A3/D a  for crystal forms # 1  and # 2  re­
spectively. The Vm values give solvent compositions of 49.8% for crystal 
form # 1  and 50.2% for crystal form # 2 . These values are within the range 
of values reported by Matthews (1977). Using the percentage solvent, the 
density was back calculated as 1.17g/cm3. This indicates that the antenna 
complex exists as a trimer of tetramers. This is consistent with the stoi­
chiometric ratio obtained for bacteriochlorophyll a: carotenoid.
The close similarity in unit cell, space group and also the z=  0 section 
of the Patterson map of the B800-820 and B800-850 antenna complexes 
suggests a similar asymmetric unit in both cases. The Patterson map 
shows regular ordering of distinct sets of peaks, with interatomic vector 
lengths consistent with distances between a  helices arranged as a trimer of 
tetramers. Analysis of plots of the Rotation function indicated the presence 
of a non-crystallographic two-fold axis parallel to the z  axis (</>=0°,^=0°, 
X=180°). This local axis may relate helices in the individual tetramers. 
Analysis of a plot of the Rotation function for three-fold symmetry indi­
cated a peak corresponding to a crystallographic three-fold axis parallel to
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the z axis (<£=0°,i/>=0o, x=120°). If local three-fold symmetry is present 
then it is at a few degrees or parallel to this z axis.
On the basis of both the biochemical and crystallographic data a similar 
model to that obtained for the B800-850 light-harvesting antenna com­
plex from Rhodopseudomonas acidophila strain 10050 was postulated. This 
model can only be verified by determining the structure of the B800-820 
antenna complex at high resolution. There are several options available to 
pursue this. The first is to use isomorphous replacement and the Patterson 
function to determine the phases of reflections. Although a lack of time 
prevented any more progress in this area, initial heavy atom trials indi­
cated that the B800-820 antenna complex was stable in the same solutions 
as the B800-850 light-harvesting antenna complex. This would facilitate a 
quick cross-section of heavy atom soaking conditions. Determination of an 
initial set of phases using isomorphous replacement could then be combined 
with molecular averaging using non- crystallographic symmetry to improve 
the quality of these phases. At low resolution (6A) it would be possible to 
use diffraction data collected on the B800-850 antenna complex to obtain 
an initial set of phases. At this resolution one would hope to see rod-like 
regions in the electron density map corresponding to a  helices.
Given the similarity between the B800-820 antenna complex and the 
B800-850 antenna complex, molecular replacement would be a second 
option for phase determination. This approach was used to show that 
the structures of the photosynthetic reaction. centres from Rhodobacter 
sphaeroides and Rhodopseudomonas viridis were homologous (Allen et al., 
1986), (Chang et a/., 1986).
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Appendix A: Compositions of Growth Media
Pfennig’s Medium per litre
potassium dihydrogen orthophosphate 1.00g
magnesium sulphate (hepta-hydrate) 0.40g
sodium chloride 0.40g
sodium succinate l-50g
calcium chloride(di-hydrate) 0.05g
ammonium chloride 0.50g
ferric citrate solution 5ml
trace elements solution 10ml
Adjust to pH 5.2 using 10M HQ
Ferric Citrate Solution per litre
ferric citrate l.OOg
Trace Elements Solution per litre
EDTA 0.50g
ferrous sulphate O.Olg
manganous chloride 0.003g
boric acid 0.03g
cobalt chloride 0.02g
calcium chloride O.OOlg
nickel chloride 0.002g
sodium molybdate 0.003g
Adjust to pH 3.4 using 10M HQ
Agar Culture Medium
yeast extract 0.30g
casamino acids 0.20g
agar 1.50g
tap water 100ml
o
* Heat to 100 C, pour into universal bottles and autoclave.
Appendix B: Detergents used in Circular Dichroism and Crystallisation Studies
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Appendix C: Compositions o f Solutions for Tricine-SDS Polyacrylamide Gel 
Electrophoresis (®ft*r LaemuiU)
Acrylamide Stock Solution per 100ml
493% acrylamide 48.0g
13% bis-acrylamide l-5g
Gel Buffer per 500ml
Tris-HQ 181.65g
sodium dodecyl sulphate 130g
Adjust to pH 8.45 using 10M HQ
Electrode Buffers per litre
Anode
Tris-HQ 1.21g
Adjust to pH 8.9 using 10M HQ
Cathode
Tris-HQ 12.1g
tricine 17.9g
sodium dodecyl sulphate 1.0g
Adjust to pH8.25 using 10M HQ
Sample Buffer (Boiling Solution) per 50ml
tris-HQ 030g
sodium dodecyl sulphate l.Og
glycerol 5.0g
mercaptoethanol 1.0g
bromophenol blue 0.05g
Gel Staining Solution
isopropanol 625ml
acetic add 250ml
coomassie blue l.Og
distilled water 1625ml
Gel Des taining Solution per litre
methanol 100ml
gladal acetic add 200ml
distilled water 700ml
Appendix C cont: Tricine-SDS Polyacrylamide Gel Preparation
Stacking Spacer Separating
acrylamide 1.6ml 4.0ml 10.0ml
gel buffer 4.96ml 6.0ml 10.0ml
glycerol 4.0ml
water to 20ml to 20ml to 30ml
ammonium persulphate 200/d 200/d 300/J
TEMED 2<W 20/d 30/4
Stacking
Spacer
Separating
Appendix D: Low Molecular Weight Marker Proteins
Marker Molecular Weight
myoglobin (1-153) 16,950 Da
myoglobin I+II (1-131) 14,440 Da
myoglobin I+III (56-153) 10,600 Da
myoglobin 1(56-131) 8,160 Da
myoglobin II (1-55) 6,210 Da
glucagon 3480Da
myoglobin III (132-153) 2,510 Da
1 Fragment II | Fragment I 1 Fragment III |
Amino acid residue no. 1 55 131 153
Molecular weight 6210 8160 2510
Appendix E: Compositions of Solutions for SDS Polyacrylamide Gel
Electrophoresis
Acrylamide Stock Solution per 100ml
30% acrylamide 39.0g
0.8% bis-acrylamide 1.0g
Running Gel Buffer per 250ml
Tris-HQ 4335g
sodium dodecyl sulphate 1.0g
Adjust to pH 8.80 using 10M HQ
Stacking Gel Buffer per 250ml
Tris-HQ 15.1g
sodium dodecyl sulphate 10g
Adjust to pH 6.80 using 10M HQ
Electrode Buffer per litr e .
Tris-HQ 3.0g
sodium dodecyl sulphate 1.0g
glycine 14.6g
Adjust to pH 830 using 10M HQ
Sample Buffer (Bolling Solution) per 50ml
Tris-HQ 030g
sodium dodecyl sulphate 1.0g
glycerol 5.0g
mercaptoethanol l.Og
bromophenol blue 0.05g
Gel Staining Solution
isopropanol 625ml
acetic add 250ml
coomassie blue 1.0g
distilled water 1625ml
Gel Des taining Solution per litre
methanol 100ml
gladal acetic add 200ml
distilled water 700ml
Appendix E cont: SDS-Polyacrylamide Gel Preparation
Separating Gel
Stacking 13.5% 15% 16.5% 18%
Gel
stacking gel buffer 5ml
running gel buffer 5ml 5ml 5ml 5ml
30% acrylamide 3 ml 9ml 10ml 11ml 12ml
h 2o 12ml
70% sucrose 6ml 5ml 4ml 3ml
10% ammonium per­ 60^1 lOQul loqi 1004 1004
sulphate
TEMED
2<)J 12 .54 12.54 12.54 12.54
Appendix F: Composition of Protein Assay Solutions
Tannin Assay
1M HC1 196ml
tannic acid 20g
phenol 4g
O O
Heat to 80 C, filter when cool and store at 4 C.
gum arabic 0.4g in 200ml d. H 2 0
Modified Lowry Assay
Solution A
sodium carbonate lOg
sodium hydroxide 2g
sodium potassium tartrate 0-8g
sodium dodecyl sulphate 5g
make volume up to 500ml with d H 20
Solution B per 100ml
copper sulphate(penta hydrate) 4g
Solution C
1ml of Solution B per 100ml of Solution A
(fresh on day of the assay)
Solution D
Folin-Ciocalteau reagent diluted with an equal volume
of water.
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